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produced	 through	 the	 dissolution	 of	 metals	 which	 consumes	 ferric	 ion	 in	 the	 process.	 Ferric	 ion	
production	 is	also	affected	by	 the	microbial	population	and	microbial	 specific	 rates	of	oxidation	of	
ferrous	ion.	Ferric	ion	consumption	is	also	dependent	on	the	metal	dissolution	rate	which	is	affected	




ferric	 ion	 production	 rate,	 the	 energy	 intensive	 fine	 crushing	 of	 PCBs	 may	 not	 be	 required	 and	
enhancement	of	the	ferric	ion	production	process	will	be	a	key	focus.	If	the	ferric	ion	consumption	
rate	 is	 significantly	 slower	 than	 the	 ferric	 ion	 production	 rate,	methods	 to	 optimize	 the	 ferric	 ion	
consumption	rate	are	required.		
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rate	 increased	which	was	 attributed	 to	 an	 increasing	microbial	 population	 from	 (7.36´107	 cells	 at	
Addition	1	to	6.29´108	at	Addition	6	in	the	0.4	g	copper	addition).	This	reduced	the	ratio	of	ferric	ion	
consumption	 to	 production	 from	 39	 to	 13.	 It	was	 found	 that	 copper	 and	 tin	 dissolution	 could	 be	
described	by	 the	chemical	controlled	shrinking	particle	model	by	! = 1 − (1 − 0.00436. +,-./
0.12 . 3)5	
and	! = 1 − (1 − 0.000593. +,-./
0.829. 3)5	 respectively.	However	 the	dissolution	of	 zinc	 could	not	be	
modelled	 by	 the	 chemical	 controlled	 shrinking	 particle	 model,	 but	 could	 be	 modelled	 by	 the	
logarithmic	model	 by	! = 1 − ;<0.00=1>?
@.A
.	 The	 correlation	 between	 experimental	 and	 calculated	
data	for	copper,	tin	and	zinc	was	0.95,	0.91	and	0.93	respectively.	

































































































viii	|	P a g e 	
	




























































































physiological	 importance	 with	 ferric	 ion	 oxidizing	 the	 sulphide	 minerals.	 The	 specifics	 of	
microorganism	 electrochemical	 (interaction)	 with	 the	 mineral	 surface	 and/or	 direct	 contact	
contribution	to	sulphide	dissolution	is	unknown	(Watling,	2006).	......................................................	13	
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F;5G 		 Ferric	ion	concentration	 mol.L-1	
F;8G 		 Ferrous	ion	concentration	 mol.L-1	




ILM 		 Maximum	specific	ferrous	ion	utilisation	rate	 mol	.molC-1.h-1	
R	 Universal	gas	constant	(8.314)	 J.mol.K-1	
N,-J/ 	 Volumetric	rate	of	microbial	ferrous	ion	oxidation	 mol	Fe
2+.h-1.	l-1	




∗ 	 Molar	rate	of	microbial	ferrous	ion	oxidation	 mol	Fe2+..h-1	
N,-./






























However,	 as	 PCB	 composition	 varies	 with	 manufacture	 and	 year	 of	 manufacture,	 coupled	 with	










(Huang,	 et	 al.,	 2009;	 Yang,	 et	 al.,	 2009).	 These	 pollutants	 are	 toxic	 to	 human	 health	 and	 the	
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environment.	 It	 has	 also	 been	 found	 that	 copper	 is	 a	 catalyst	 for	 dioxin	 formation	 when	 flame-



























costs	 and	 fewer	 industrial	 requirements	 (Mishra,	 et	 al.,	 2008).	 However,	 the	 disadvantage	 of	
bioleaching	is	that	it	has	slower	metal	extraction	rates	compared	with	other	technologies.	
Bioleaching	of	base	metals	uses	 ferric	 ion	and	dissolved	oxygen	 in	acidic	conditions	as	the	primary	
oxidizing	agents	(Vestola,	et	al.,	2010).	The	main	role	of	the	microorganisms	is	to	regenerate	the	ferric	
ion	thus	reducing	the	cost	of	the	reactants.	This	is	because	the	ferric	ion	is	reduced	in	the	dissolution	















metal	 leaching	rates	from	PCBs,	and	their	 interaction	with	microbial	ferric	 iron	generation,	has	not	
been	 well	 understood.	 Metal	 extraction	 from	 PCBs	 using	 bioleaching	 depends	 on	 the	 relative	
availability	 of	 ferric	 ion	 for	metal	 dissolution	 and	 ferrous	 ion	 for	microbial	 growth	 and	metabolic	
activity,	 which	 impacts	 on	 the	 ferric	 ion	 regeneration	 rate.	 The	 relationship	 between	 ferric	 ion	




















The	 outcome	 of	 this	 study	 is	 targeted	 towards	 understanding	 the	 ferric	 ion	 production	 and	
consumption	trends	when	bioleaching	base	metals	found	in	PCBs.	This	was	achieved	by:	







dissolution	 efficiency	 of	 the	 base	metals.	 The	 parameters	 to	 be	 investigated	 in	 the	model	
simulation	include:	




o Varying	 the	 initial	 ferric	 and	 ferrous	 ion	 concentration	 in	 order	 to	 investigate	 the	
effect	 of	 initial	 iron	 concentration	 on	 the	 ferric	 ion	 regeneration	 cycle	 and	 how	 it	
affects	metal	dissolution	efficiency.	
o Varying	the	 initial	base	metal	mass	 in	order	to	determine	how	the	 leaching	time	 is	
















technologies	 are	 reviewed.	 This	 is	 then	 followed	by	 review	of	 the	bioleaching	 technology	 and	 the	
microorganisms	and	mechanisms	involved	in	ferric	ion	regeneration.	Previous	literature	focusing	on	
factors	 affecting	 metal	 dissolution	 efficiencies	 in	 the	 bioleaching	 of	 WEEE	 (mainly	 PCBs)	 is	 then	
presented.	 In	order	 to	 inform	the	model	 simulation	and	sensitivity	analysis	 section,	 the	kinetics	of	
metal	 recovery	 from	 WEEE	 were	 reviewed	 from	 literature.	 The	 objectives,	 key	 questions	 and	
hypothesis	are	thereafter	presented.	
The	research	methodology	section	follows	in	Chapter	3.	This	contains	the	experimental	methodology	






the	model	 that	was	used	 to	perform	a	scenario	analysis	on	 the	different	aspects	 that	affect	metal	
dissolution	efficiency	as	a	function	of	the	ferric	ion	regeneration	cycle.	The	results	of	the	simulation	
are	presented	in	Chapter	6.		
In	 Chapter	 7,	 the	 conclusions	 drawn	 from	 the	 experimental	 section	 and	 simulation	 sections,	 are	













ongoing	 development.	 Understanding	 the	 characteristics	 of	 the	 WEEE	 stream	 is	 essential	 in	
determining	the	best	approach	to	recovering	metals	from	the	secondary	resource	and	the	relevance	
of	biohydrometallurgy	as	a	treatment	option.	
Even	 though	printed	 circuit	 boards	 (PCBs)	 form	a	 small	 portion	of	 the	WEEE	 stream	of	 about	3	%	
(Karwowska,	et	al.,	2014),	PCBs	contain	significant	amounts	of	both	precious	and	hazardous	metals.	
Thus	the	majority	of	research	that	has	been	conducted	on	the	recovery	of	metals	from	WEEE	using	
bioleaching	has	been	 targeted	 towards	PCB	 treatment.	 In	order	 to	make	use	of	 literature	sources,	



















7	|	P a g e 	
	




capacitors,	 are	 mounted.	 The	 PCBs	 also	 contain	 the	 electric	 interconnections	 (made	 of	 copper)	









boards	 into	 particulate	 form	 is	 required.	 Crushing	 is	 important	 for	 bio-	 and	 hydrometallurgical	
treatment	 options	 as	 it	 increases	 metal	 liberation,	 enhances	 surface	 area	 exposure	 to	 the	 leach	
solution	and	facilitates	easy	handling	of	the	solid	suspensions.	
Printed	 circuit	 boards	 used	 for	 computers	 and	 communication	 equipment	 are	 usually	 higher	 end	
boards	and	contain	glass	fibre	reinforced	epoxy	resins,	referred	to	commercially	as	FR-4.	Printed	circuit	






















boards.	 However,	 precious	metal	 concentrations	 have	 been	 on	 the	 decline	 due	 to	 the	 decreasing	
power	consumption	of	modern	switching	circuits	(Luda,	2011).	In	the	1980s	the	metal	contact	layer	
was	1-2	µm,	while	in	the	past	decade	it	has	decreased	to	between	300	and	600	nm	in	thickness	(Cui	&	






The	high	metal	 content	 in	printed	 circuit	boards	makes	disposing	of	 them	difficult	 as	 some	of	 the	
metals	are	toxic	to	the	environment	(Musson,	et	al.,	2006).	There	is	also	a	significant	concentration	of	
high	 value	metals	 in	 PCBs	 hence	 their	 recovery	 can	 prove	 to	 be	 profitable.	 Further,	 they	 form	 an	







Cu	 Pb	 Al	 Sn	 Zn	 Fe	 Ni	 Ag	 Au	
23.10	 2.89	 2.60	 1.88	 1.75	 0.81	 0.19	 0.0217	 0.0014	 (Xiang,	et	al.,	2010)	
12.60	 3.10	 1.40	 -	 5.60	 1.20	 -	 0.0033	 0.0014	 (Liang,	et	al.,	2010)	
18.50	 2.66	 1.33	 4.91	 -	 2.05	 0.43	 0.0694	 0.0086	 (Yazici	&	Deveci,	2014)	
19.00	 0.51	 1.10	 0.95	 0.26	 -	 -	 -	 -	 (Kim,	et	al.,	2011)	
	
From	the	 literature	cited,	 copper	has	 the	highest	concentration	on	PCBS	which	explains	why	most	
studies	conducted	on	metal	recovery	from	e-waste	has	been	focused	on	copper.	Removing	Cu	is	also	


















The	 first	 step	 prior	 to	 PCB	 preparation	 is	 the	 sourcing	 of	 the	 PCB	 e-waste	 stream.	 This	 can	 come	






















reduced	 further,	 either	 by	more	 shredding	 (Yang,	 et	 al.,	 2011)	 or	 by	 crushing	 the	 PCBs.	 The	 size	
reduction	first	consists	of	a	crude	shearing	action	by	rotor	cutters	and	a	hammer	grinder	is	utilized	as	
the	second	crusher	(Huang,	et	al.,	2009).	The	crushing	is	one	of	the	most	energy	intensive	stages	in	




size	 reduction	 is	 conducted	 to	 liberate	 the	 metals	 from	 the	 board	 to	 allow	 for	 current/density	


















that	 they	 have	 a	 lower	 capital	 cost,	 reduced	 environmental	 impact,	 and	 a	 higher	metal	 recovery	
efficiency	is	possible	(Tuncuk,	et	al.,	2012).		Hydro-	and	pyro-metallurgical	processes	may	be	used	in	
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tandem.	Hydrometallurgical	processes	are	reported	to	be	more	predictable,	more	easily	controlled	
and	more	 exact	 than	 pyrometallurgical	 processes	 (Sohaili,	 et	 al.,	 2012).	 The	metal	 content	 in	 the	




metals	 from	PCBs.	 This	 is	 attributed	 to	 relatively	 low	 capital	 cost,	 regeneration	 of	 reactants	 using	
microorganisms	 and	 lower	 levels	 of	 pollutants.	 There	 are	 two	 main	 disadvantages	 of	








step	 needs	 to	 be	 conducted.	 The	 recovery	 process	 depends	 on	 the	 technology	 that	 was	 used	 to	
liberate	 the	 metals	 from	 the	 PCBs.	 If	 the	 metals	 are	 in	 solution	 as	 ions	 as	 a	 result	 of	 a	
(bio)hydrometallurgical	process,	then	a	solvent	extraction	step	followed	by	an	electro-winning	stage	





that	 the	 non-metallic	 components	 can	 be	 used	 as	 fillers,	 or	 as	 a	 partial	 replacement	 of	 inorganic	
aggregates	in	concrete,	or	reprocessing	into	kitchen	utensils,	adhesives	etc.	(Tuncuk,	et	al.,	2012).	
2.2 Bioleaching	Technology	for	Base	Metal	Extraction		
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2.2.1 Overview	of	Bioleaching	of	Sulphide	Minerals	














by	the	sulphide	 ion	 in	the	mineral	sulphides	as	they	 leach	as	metal	 ions	 into	solution.	This	mineral	
leaching	reaction	generates	the	ferrous	ion	that	is	oxidised	by	microorganisms,	as	an	electron	donor	





8< + 6U8S + V









solution.	 There	 are	 three	 main	 leaching	 mechanisms	 which	 have	 been	 suggested	 by	 which	
microorganisms	oxidizes	metal	sulfides,	these	are	(Crundwell,	2003):	





2. The	 indirect	 contact	 mechanism	 –	 this	 is	 where	 the	 microorganisms	 are	 attached	 to	 the	
mineral	surface	and	oxidize	ferrous	ion	to	ferric	ion	within	a	biofilm.	The	biofilm	is	made	up	of	














The	role	of	the	microorganism	is	to	regenerate	ferric	 ion	through	the	oxidation	of	ferrous	 ion.	 In	a	
sulfide	bioleaching	system,	the	equations	can	be	summarised	as	follows	(Cui	&	Zhang,	2008):	
VR + 2F;5G → V8G + 2F;8G + R0	 	
2F;8G + 0.5S8 + 2U
G 	→ 	2F;5G + U8S	 Equation	2-2	
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2.2.3 Use	of	Bioleaching	in	Extraction	Metals	from	Mineral	Sulphide	Ores	




for	 the	 extraction	 of	 copper	 from	 copper	 ores	 using	 ferric	 ions	 regenerated	 by	 microorganisms	
through	ferrous	ion	oxidation	(Brierley,	2008).	Despite	the	number	of	metals	which	have	been	studied	
that	can	be	recovered	by	the	technology,	only	copper	and	gold	are	currently	recovered	industrially	in	





allow	 for	 the	 growth	of	microorganisms	 that	 oxidize	 ferrous	 ion	 to	 ferric	 ion,	which	 then	oxidizes	
copper	in	sulphide	ores.	Due	to	the	large	particle	size	and	low	grade	of	the	ore,	slow	leaching	rates	









diameter,	 followed	 by	 agglomeration	 in	 rotating	 drums	 with	 acidified	 water.	 This	 is	 to	 affix	 fine	
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There	are	several	 studies	which	have	been	conducted	to	 investigate	 the	extraction	of	metals	 from	
printed	 circuit	 boards.	 These	 studies	will	 be	 briefly	 described	 to	 provide	 an	 understanding	 of	 the	
various	factors	affecting	the	extraction	of	metals	from	PCBs.	
2.3.1 Mechanisms	of	Metal	Recovery	from	Printed	Circuit	Boards	
















2F;5G +	+X0 → 2F;8G + +X8G	 Equation	2-4	
	








+X0 + 	2UG + 0.5S8 → +X
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2.3.3 The	Role	of	Microorganisms	in	PCB	bioleaching	
In	 order	 to	 determine	 the	 factors	 that	 affect	 the	 recovery	 efficiency	 of	 metals	 from	 PCBs,	 it	 is	
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Table	2-2.	Microorganisms	that	are	known	to	recover	metals	from	E-waste	(Pant,	et	al.,	2011).	

































PCBs,	 it	 is	 important	 to	 understand	 the	 toxicity	 effects	 of	 certain	 metals	 in	 solution	 on	 the	
microorganisms.	Due	to	the	high	metal	concentrations	found	in	printed	circuit	boards,	the	maximum	
concentration	of	metal	 ions	 in	solution	 that	can	be	 tolerated	by	 the	microorganisms	 is	of	 interest.	
Significant	 literature	 on	mineral	 bioleaching	 has	 been	 presented	with	 a	 focus	 on	metal	 toxicity.	 A	
second	consideration	is	what	processes	and	techniques	can	be	implemented	to	increase	the	tolerance	
or	reduce	the	concentration	of	toxic	metals	in	solution.	
In	 the	 bioleaching	 of	mineral	 sulphides,	 a	 two-stage	 process	 is	 proposed	 as	 a	 strategy	 to	 prevent	
microbial	 inhibition,	 enhance	 biooxidation	 rates	 and	 increase	 the	 selectively	 of	 specific	 products	
(Gericke	et	al.	2009).	Mintek	has	patented	a	two-stage	process	for	the	treatment	of	copper-bearing	
mineral	sulphides,	where	the	bacterial	ferric	 iron	generator	(BFIG)	was	separated	from	the	mineral	








leaching	 metals	 from	 PCBs.	 The	 study	 found	 that	 microorganisms	 were	 inhibited	 by	 high	 metal	
concentrations	(observed	when	scrap	concentration	was	at	100	g.l-1).	From	the	results,	two	techniques	















with	Thermoplasma	 acidophilum	 could	 be	 adapted	 to	mixed	metal	 ions	 of	 Cu,	 Ni,	 Al	 and	 Zn.	 The	
adaptation	was	achieved	through	successive	step-wise	growth	in	increasing	metal	ion	concentrations.	
It	was	found	that	at	7	g.l-1	mixed	metal	ion	concentration,	the	microorganisms	that	were	used	for	the	





The	presence	of	highly	 toxic	metals	 in	 the	bioleaching	process,	 such	as	 lead,	which	occurs	at	high	
concentrations	in	PCBs	and	is	highly	toxic	to	microorganisms,	can	reduce	dissolution	efficiency	as	a	















of	oxygen,	but	this	 is	a	slow	process	which	can	be	 increased	by	105	–	106	times	 in	the	presence	of	
microorganisms	(Ozkaya,	et	al.,	2007).	























14/+20	mesh,	was	bioleached	 in	shake	 flasks	 in	 the	presence	of	Acidithiobacillus	 (A.)	 ferrooxidans.	
Some	of	the	results	from	this	study	are	presented	in	Figure	2–2.	From	the	study,	it	was	found	that	in	
the	 absence	 of	 ferrous	 ion,	 2.55	 g.l-1	 of	 copper	was	 leached	 into	 solution	 by	A.	 ferrooxidans	 (this	






























1.7	and	88	%	at	pH	2.0.	 This	 shows	 that	 the	 lower	 the	pH	 the	 faster	 the	 rate	of	 leaching.	Control	








One	 of	 the	 factors	 which	 causes	 an	 initial	 increase	 in	 pH	 is	 the	 alkalinity	 of	 the	 non-metallic	
components	in	the	PCBs	(Brandl,	et	al.,	2001).	Studies	were	also	conducted	by	Illyas	et	al	(2007)	to	
investigate	what	 effect	 the	 alkalinity	 of	 PCBs	 has	 on	 the	 pH	 of	 the	 leach	 solution.	 The	 study	was	
conducted	using	Sulfobacillus	thermosulfidooxidans	and	crushed	PCBs.	The	particle	size	of	the	PCBs	






separation,	 10	 g	 of	 the	 shredded	PCB	mixture	was	 added	 to	 100	ml	 of	 saturated	 sodium	 chloride	
solution	for	10	min.	The	heavier	metal	containing	particles	sank	to	the	bottom	and	the	lighter	non-
metallic	 portion	 floated	 to	 the	 top	 where	 it	 was	 decanted	 out.	 This	 bottom	 fraction	 formed	 the	



















F;5G + U8S → F;(SU)5 + U
G	 	
F;(SU)5 + RST
8< + F;5G + U8S + H




by	 X-ray	 diffraction	 analysis	 (Xiang,	 et	 al.,	 2010).	 The	 authors	 also	 suggested	 that	 the	 amount	 of	
precipitate	 is	closely	related	to	the	variation	 in	pH.	According	to	 le	Chatelier's	Principle,	at	high	pH	
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values,	 the	precipitation	of	 ferric	 ion	as	 jarosite	will	be	 favoured	 in	order	decrease	the	pH.	Hence,	
keeping	 the	 solution	at	 low	pH	values	 should	decrease	 the	 rate	of	precipitation	of	 ferric	 ion	 from	
















shred	 all	 the	waste	PCBs	 samples	 to	particle	 sizes	 smaller	 than	0.5	mm	 (Yang,	 et	 al.,	 2011).	 Thus,	
understanding	how	the	particle	size	of	PCBs	affects	the	recovery	efficiencies	of	metals	from	the	board	
is	useful	in	informing	a	process	where	the	PCB	crushing	can	be	minimized.	





of	 copper	 recovery	 in	 a	 metal	 oxidizing	 environment.	 At	 PCB	 particle	 sizes	 below	 the	 1	 mm	 size	




are	 added	 to	 the	 same	 reaction	 vessel	 at	 the	 same	 time.	 Initially,	 the	 microorganism	 inoculum	



















because	 of	 the	 increased	 production	 of	 ferric	 ion	 in	 the	 presence	 of	 higher	 microorganism	
concentrations	(Yang,	et	al.,	2009).	
2.4 Kinetics	of	Metal	Recovery	from	Printed	Circuit	Boards	by	Bioleaching	
The	 indirect	 contact	mechanism	has	been	 found	 to	be	 the	main	mechanism	 for	 the	dissolution	of	
metals	from	PCBs	and	can	be	broken	down	further	into	the	following	two	sub	processes	(Crundwell,	
1994):	
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1. The	 biological	 oxidation	 of	 ferrous	 ion	 to	 ferric	 ion	 by	 microorganisms	 i.e.	 ferric	 ion	
production,	and	







As	 there	 are	 two	 main	 processes	 that	 affect	 the	 bioleaching	 efficiency	 of	 metals	 from	 PCBs	 i.e.	
biological	 oxidation	 vs	 chemical	 reduction,	 further	 analysis	 of	 the	 two	processes	 are	 conducted	 in	
order	to	understand	the	rate	kinetics.	These	will	be	reviewed	further	in	Chapter	5.	
2.4.1.1 Kinetics	of	Microorganism	Growth	and	Oxidation	of	Ferrous	ion	
The	 literature	 reviewed	 this	 far	 suggests	 that	 the	 initial	microorganism	 concentration	 and	 rate	 of	
microorganism	oxidation	of	 ferrous	 ion	determines	 the	rate	of	 ferric	 ion	production,	which	 in	 turn	
governs	the	rate	of	dissolution	of	metals	from	PCBs.		
2.4.1.1.1 Microorganism	Ferrous	Ion	Oxidation	Kinetics	














ILM 	 (mol	Fe2+	(mol	C	.	h)-1)	 is	the	maximum	microbial	specific	utilization	rate,	+B	
(mol	C	.	 l-1)	 is	the	biomass	concentration	and	K	is	the	apparent	affinity	constant	to	ferrous	ion.	The	
equation	shows	the	rate	of	ferrous	ion	consumption	is	the	negative	of	the	rate	of	ferric	ion	production.	
In	 addition,	 the	 ferric/ferrous	 ion	 ratio	 in	 the	denominator	 of	 Equation	2-7,	 can	be	 related	 to	 the	
measured	solution	redox	potential	through	the	Nernst	equation	(Breed	&	Hansford,	1999):	
















The	microorganisms	use	 the	electron	donated	by	 ferric	 ion	 for	 cell	maintenance	and	growth,	 thus	
producing	more	cells	in	the	process	which	leads	to	faster	regeneration	of	the	ferric	ion.	
Determining	the	microbial	growth	rate	is	important	for	prediction	of	the	increased	ferric	and	ferrous	
ion	 regeneration	cycle	with	 time.	The	most	commonly	used	expression	 to	define	microbial	growth	
kinetics,	corresponds	to	the	basic	Monod	type	model.	It	was	developed	for	the	specific	growth	rate	




































5G + 3;< 	→ 	ic ^ 																												(C
0 = 	−1.68)	
ld(Lj)
8G + 2;< 	→ 	ld ^ 																										(C
0 = 	−0.76)	
no(Lj)
8G + 2;< 	→ 	no ^ 																											(C
0 = 	−0.26)	
pq(Lj)
8G + 2;< 	→ 	pq ^ 																										(C
0 = 	−0.13)	
+X(Lj)
8G + 2;< 	→ 	+X ^ 																										(C
0 = 	0.34)	
F;(Lj)
5G + ;< 	→ 	F;(Lj)
8G 																											(C0 = 	0.77)	
ir(Lj)
G + ;< 	→ 	ir ^ 																												(C
0 = 	0.80)	
S8(\) + 	4U(Lj)
8G + 4;< 	→ 	U8S											(C
0 = 	1.23)	
iX(Lj)
































1 −	 1 − !
>




! − 1 − !
8
5 = st. 3	 Equation	2-12	




controlled	either	by:	 the	 rate	of	 the	chemical	 reaction	at	 the	surface	of	 the	core	of	 the	unreacted	
particle	 (Equation	 2-11),	 or	 the	 diffusion	 of	 the	 reactants	 through	 the	 liquid	 film	 (Equation	 2-12).	
However,	 for	complex	relationships	where	the	chemical	controlled	 leaching	model	or	 the	diffusion	
controlled	 leaching	model	doesn’t	apply,	 the	empirical	model	of	 leaching	may	be	governed	by	 the	




































technologies	 have	 been	 suggested	 for	 the	 recovery	 of	metals	 from	WEEE,	 including	 PCBs.	 	 These	
include	pyro-	and	hydrometallurgy.		Both	advantages	and	disadvantages	are	given.		It	has	further	been	






Several	studies	have	 investigated	the	extraction	of	metals	 from	PCBs	using	ferric	 leaching	with	the	
microbial	 regeneration	of	 the	 lixiviant	 in	a	process	 similar	 to	 the	bioleaching	of	mineral	 sulphides.	
Many	of	these	studies	focused	on	copper	as	a	metal	of	interest	to	determine	the	leaching	efficiency	
of	metals	 from	PCBs.	This	was	due	to	the	suitability	of	 ferric	 leaching	for	the	solubilisation	of	base	
metals,	 the	 high	 concentration	 of	 copper	 in	 the	 PCBs,	 its	 interference	 in	 the	 recovery	 of	 precious	
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At	 the	 start	 of	 this	 study,	 no	 correlation	 had	 been	 presented	 between	 the	 rates	 of	 ferrous	 iron	
oxidation	 by	microorganisms	 to	 the	 rate	 of	 ferric	 ion	 reduction	 by	metals	 and	 the	 impact	 of	 the	












representative	 head	 grade	 across	 all	 experiments.	 Further,	 the	 complexity	 of	 crushed	 PCBs	 was	
expected	 to	 restrict	 the	 fundamental	 understanding	 necessary	 in	 the	 first	 instance	 to	 assess	 the	
potential	of	bioleaching	in	the	treatment	of	electronic	waste.	
Following	the	determination	of	trends	of	ferric	ion	consumption	and	ferric	ion	production	in	terms	of	
the	dominant	 rate,	 a	 further	objective	of	 this	 study	 is	 to	perform	a	 sensitivity	 analysis	 in	order	 to	
determine	the	system	conditions	that	will	maximize	dissolution	of	metals.	For	the	sensitivity	analysis	
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3 Materials	and	Method	
This	 section	 describes	 the	 materials	 and	 methods	 that	 were	 used	 for	 the	 experiments	 in	 the	
bioleaching	 of	 base	 metals,	 representing	 the	 PCB	 waste	 sample.	 It	 begins	 by	 discussing	 the	






1. Bioleaching	experiments,	where	elemental	metal	powder	was	dissolved	 in	 the	presence	of	
microorganisms	and	dissolved	ferrous	or	ferric	sulphate.	These	experiments	were	conducted	
in	 order	 to	 determine	 the	 ferric	 ion	 production	 and	 consumption	 trends	 in	 a	 bioleaching	
environment.	
2. Chemical	 leaching	 experiments,	 in	 which	 dissolution	 of	 elemental	 metal	 powder	 in	 the	






laboratories	 in	 the	 University	 of	 Cape	 Town.	 The	 stock	 cultures	 were	maintained	 in	 a	 feed	 stock	
containing	nutrients	and	5	g.l-1	ferrous	ion	(as	ferrous	sulphate)	at	35oC,	in	stirred	tank	reactors	(STRs)	
with	 55	 hr	 residence	 times.	 Typically,	 other	 micro-organisms	 present	 included	 Acidithiobacillus	
ferrooxidans,	At.thiooxidans,	At.caldus	and	various	archaea.	
3.1.1 Maintenance	Growth	Media	for	the	Microorganisms	
The	microorganisms	used	 in	 the	experiments	were	maintained	 in	 the	Lungrid	9	K	growth	medium,	
with	 the	 composition	 provided	 in	 Table	 3-1	 below.	 The	 concentrations	 were	 determined	
experimentally	by	Silverman	&	Ehrlich	(1964).	All	the	compounds	were	analytical	grade	reagents.	The	
Lungrid	9K	medium	used	in	the	experiment	was	produced	as	follows:	



















cells	 were	 counted.	 When	 the	 cells	 exceeded	 100	 cells	 per	 count,	 an	 appropriate	 dilution	 was	
conducted	 to	 reduce	 the	 cell	 concentration.	 Equation	 3-1	 was	 used	 to	 calculate	 the	 original	 cell	
number,	as	shown	in	Appendix	B:	


































) = ÑocX3oÄd	FÅh3ÄN ∗ iqÇÄNqÅdh; 0.0157	 Equation	3-2	
	





















The	 hydrochloric	 acid	 was	 used	 in	 the	 ferric	 chloride	 assay	 in	 order	 to	 determine	 the	 ferric	 ion	


































characterization	 experiment	 and	 in	 the	 chemical	 leach	 experiment.	 Ferric	 sulphate	 hydrate	
(Fe2(SO4)3.xH2O)	was	used	as	the	source	of	the	ferric	ion.	The	minimum	Fe2(SO4)3	concentration	was	
70	%	on	a	mass	basis.	As	the	degree	of	hydration	was	not	known,	the	concentration	of	ferric	sulphate	





3. The	 ferric	 chloride	assay	was	 conducted	on	 the	 sample	and	based	on	 the	absorbance	and	
standard	curve	in	Figure	3–2,	the	concentration	of	ferric	ion	was	calculated.	
4. The	 concentration	 of	 the	 ferric	 ion	 from	 the	 assay	was	 divided	 by	 the	 required	 ferric	 ion	
concentration	 to	 get	 a	 fraction	which	was	 used	 to	 determine	 the	 required	mass	 of	 ferric	










volume	were	 placed	on	 top	of	magnetic	 stirrers	 (MRC	model	GMHS,	 220	V	magnetic	 stirrer)	with	
magnets	placed	inside	the	Erlenmeyer	flask.	The	magnetic	stirrers	were	kept	at	a	setting	range	of	700	
-	800	rpm	which	ensured	high	mass	transfer	rates.	This	approach	were	suitable	for	experiments	with	
a	 short	 run	 time	e.g.	 for	 the	chemical	dissolution	of	metals	where	 the	duration	of	 the	 run	was	30	





































The	 purpose	 of	 the	 chemical	 leach	 experiments	 was	 to	 determine	 the	 rate	 kinetics	 and	 the	 rate	
constants	 of	 the	 metal	 leach	 reactions,	 using	 metal	 concentrations	 informed	 by	 the	 PCB	 leach	
experiments	 described	 in	 Section	 3.5.1.	 Determining	 the	 rate	 equations	 was	 important	 as	 it	














3. The	experiments	were	conducted	 in	250	ml	Erlenmeyer	 shake	 flasks	with	100	ml	 solution.	
Stirring	was	done	by	magnetic	stirrers	at	a	setting	range	of	700	-	800	rpm.	
4. The	 experiments	 were	 conducted	 for	 30	 minutes	 and	 the	 pH	 and	 redox	 readings	 were	
recorded	at	the	beginning	and	at	the	end	of	the	experiment.	










































A	drawback	of	 the	experimental	design	 in	 Section	3.5.3	was	 that	 the	 rate	of	 ferric	 ion	production	
(which	is	determined	by	the	microbial	population)	was	not	at	its	peak	when	the	initial	copper	mass	
was	added.	This	is	because	in	the	previous	experiment	20	%	inoculum	was	added	together	with	the	
copper	 metal.	 The	 population	 would	 increase	 as	 ferrous	 ion	 was	 consumed	 and	 ferric	 ion	 was	
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Thus	designing	an	experiment	where	the	microbial	population	was	at	its	highest	concentration	was	





























































the	4	g	Cu	addition	Erlenmeyer	 flask	 to	bring	the	theoretical	 total	copper	concentration	 in	






and	ferric	 iron	reduction	 in	this	system,	allowing	 indirect	estimation	of	dissolution.	 It	 is	 recognised	
that	confirmatory	evidence	of	this	relationship	would	add	confidence	to	the	data	generated.		Further,	
metal	analysis	 is	required	where	mixed	metal	systems	are	used.	Hence,	 it	 is	suggested	that	copper	
readings	be	conducted	in	future	experiments.	







discusses	 the	 results	 of	 comparative	 chemical	 leaching	 experiments	 of	 copper,	 zinc	 and	 tin	 are	
presented.	
In	Section	4.3,	the	results	of	the	microbial	leaching	of	elemental	copper	experiments	are	presented.	
This	 provides	 an	 indication	 of	 ferric	 ion	 production	 and	 consumption	 trends	 in	 the	 presence	 of	
microorganisms,	 in	 response	 to	 varying	 initial	masses	 of	 copper.	 In	 Section	 4.4,	 the	 results	 of	 the	
copper	dissolution	rates	as	a	result	of	fed-batch	addition	of	copper	metal	powder	to	a	well-established	
microbial	leaching	system	are	discussed.	
The	 results	 of	 the	 leaching	 experiments	 were	 used	 to	 provide	 the	 reaction	 kinetics	 data	 for	 the	
sensitivity	analysis	in	the	model	simulation	developed	and	discussed	in	Chapters	5	and	6,	respectively.	

















Section	 3.5.1.	 The	 metal	 ion	 concentration	 in	 solution	 was	 determined	 using	 the	 ICP	 analysis	 as	















Leaching	of	 the	PCB	samples	under	 these	conditions	provides	an	estimation	of	 the	 total	 leachable	
metal	content	under	acid	and	ferric	leach	conditions.	Copper,	tin,	lead	and	zinc	was	leached	in	high	
amounts	 from	both	PCB	 samples.	 The	high	 tin	 and	 lead	 concentration	 in	 sample	A	 is	 proposed	 to	
originate	from	the	solder	that	is	used	to	hold	the	micro	electric	components	in	place.	The	high	copper	
concentrations	 observed	 in	 both	 experiments	 is	 proposed	 to	 originate	 from	 the	 copper	 used	 for	
electrical	conductivity	in	the	boards	(Luda,	2011).		
Assuming	 that	most	 of	 the	metals	 present	 in	 the	 PCBs	 initially,	 had	 leached	 into	 solution	 by	 the	













47	|	P a g e 	
	






provide	 kinetic	 data	 for	 the	 rate	 of	metal	 dissolution	 and	 associated	 ferric	 consumption,	which	 is	
necessary	 to	populate	 the	simulation	model	compiled	and	used	 for	 scenario	analysis,	 in	Chapter	5	
Section	5.4.2.	
4.2.1 Kinetics	for	Chemical	Leaching	of	Copper	














would	 be	 useful	 to	 sample	 more	 frequently	 within	 the	 first	 10	 minutes	 for	 kinetic	 rate	 analysis.		
Additionally,	the	difference	in	conversion	profiles	between	Run	1	and	Run	3	confirms	the	importance	
of	ferric	ion	availability	for	the	initial,	rapid	dissolution	of	copper.		





Figure	 4–2.	 Copper	 conversion	 trends	 for	 changing	 initial	 ferric	 ion	 concentration	 and	 changing	 initial	 metal	 mass	 in	
suspension	
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1 − 1 − w
>
5 = s3 = sE{
Z+,-./












of	 the	 lumped	 parameter	 ko	 representing	{Z;<|} ~ 	 was	 calculated	 to	 be	 0.00436	 as	 the	
experimental	runs	were	carried	out	at	constant	temperature	and	stirring	speed.	This	means	that	the	
conversion	fraction	for	copper	(X)	can	be	calculated	by	the	following	expression.	
! = 1 − (1 − 0.00436. +,-./
0.12 . 3)5	 Equation	4-2	
	
To	test	the	agreement	between	the	calculated	conversions	and	the	experimental	conversion	values,	
the	 parity	 plot	 of	 X	 experimental	 against	 X	 calculated	 was	 drawn.	 Using	 regression	 analysis,	 the	
regression	coefficient	was	found	to	be	0.948	and	with	a	standard	error	of	0.0674	as	calculated	in	Excel.	
This	shows	a	sufficient	fit	between	the	calculated	data	and	the	experimental	data.	Figure	4–4	was	used	
in	 the	 simulation	model	 to	 determine	 the	 copper	 dissolution	 rate	 and,	 as	 a	 result,	 the	 ferric	 ion	
consumption	rate	for	copper	dissolution.	

























































































Using	 the	 chemical	 controlled	 shrinking	 particle	model,	 the	 same	 calculations	were	 performed	 as	
shown	in	Section	4.2.1.	The	rate	constant	was	determined	by	plotting	1-(1-X)1/3	vs	t	as	shown	in	Figure	
4–6.	The	variable	X	represents	the	conversion	of	the	tin	metal	at	time	t.	






































































































































As	observed	 in	 Figure	 4–9,	 over	 75	%	 conversion	of	 zinc	 occurred	 in	 the	 first	 5	minutes	 in	 all	 the	
experimental	runs.	Due	to	the	high	conversion	after	5	minutes,	these	experiments	were	repeated	over	














































































































































































































The	 value	of	 the	 rate	 constant	 (k),	 from	 the	 logarithmic	model	 also	depends	on	 the	 temperature,	
stirring	speed	etc.		
(−ln	(1 − w))8 = sx. 3 = 	 sE{
Z+,-./






! = 1 − ;<(0.00=1>?)
@.A
	 Equation	4-5	
To	 test	 the	 agreement	 between	 the	 calculated	 vs	 the	 experimental	 conversion	 values	 using	 the	
logarithmic	rate	 law,	the	parity	plot	of	X	experimental	vs	X	calculated	was	drawn.	Using	regression	
analysis,	 the	 regression	 coefficient	 was	 found	 to	 be	 0.927	 and	 with	 a	 standard	 error	 of	 0.050	 as	
calculated	in	excel.	This	shows	a	good	fit	between	the	calculated	data	and	the	experimental	data	when	














































Bioleaching	 of	 base	metals	 from	 electronic	waste	 is	 driven	 by	 ferric	 ion	 leaching	 of	 the	metals	 of	
interest	and	the	associated	microbial	re-generation	of	this	ferric	ion.	In	this	section,	the	preliminary	
bioleaching	experiments	are	reported	to	provide	trends	in	ferric	ion	production	and	consumption	in	
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4.3.1 Ferric	ion	Production	in	the	presence	of	Microorganisms	
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for	 all	 the	 batches	 after	 day	 3.	 The	 pH	 adjustments	 were	 conducted	 consistently	 when	 the	 pH	











































2F;5G + +X0 	→ 2F;8G + +X8G	 +ℎ;ÜohÅc	Ö;NNoh	oÄd	hÄdÇXÜà3oÄd 	 Equation	4-6	
4F;8G + S8 + 4U
G → 4F;5G + 2U8S	[âÅh3;NoÅ	Ö;NNoh	oÄd	àNÄÉXh3oÄd]	 Equation	4-7	
2RST
8< + 	3F;5G + 6U8S + H
G
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The	observed	ferric	ion	concentration	in	solution	is	a	sum	of	two	reactions,	the	ferric	ion	consumption	
via	 Equation	 4-6	 and	 the	 ferric	 ion	 production	 by	 Equation	 4-7,	 thus	 the	 observed	 ferric	 ion	
concentration	can	be	described	by	Equation	4-9.	
As	microbial	growth	and	metabolic	activity	occur,	the	ferrous	ion	is	converted	to	ferric	ion	as	described	








occurred	 and	 so	 the	 ferric	 ion	 concentration	 in	 solution	 increased	 rapidly,	 along	 with	 the	 redox	
potential	as	there	was	no	initial	metal	mass	present	to	cause	the	consumption	of	ferric	 ion.	As	the	
initial	metal	mass	 increased	 in	 suspension,	 the	 ferric	 ion	 reacted	with	 the	 copper	metal	 as	 it	was	
formed	via	Equation	4-6.	The	more	mass	of	elemental	copper	present,	the	more	was	the	ferric	 ion	














































ion	 from	 solution.	 This	was	 consistent	with	 literature	 findings	where	 it	was	 shown	 that	 ferric	 ion	
precipitates	as	jarosite	(Xiang,	et	al.,	2010).	This	reaction	was	shown	in	Equation	4-8.	The	precipitation	
was	closely	linked	with	the	pH	in	that	the	higher	the	pH	the	faster	the	precipitation	of	ferric	ion.	In	











oxidation	 rate	 can	 be	 predicted	 for	 each	 microbial	 species	 (Ojumu,	 et	 al.,	 2006).	 Therefore,	 the	
volumetric	ferrous	ion	oxidation	rate	is	expected	to	be	a	function	of	the	microbial	concentration	and	















metal	powder	was	added	 to	 the	Erlenmeyer	 flasks	and	 the	 ferric	 ion	concentration,	pH	and	 redox	
potential	were	recorded.	
On	 addition	 of	 the	 copper	 metal	 powder,	 the	 ferric	 ion	 was	 reduced	 to	 ferrous	 ion	 through	 the	
dissolution	of	copper.	Once	the	complete	dissolution	of	copper	by	the	 ferric	 ion	had	occurred	and	
microbial	 oxidation	 of	 the	 ferrous	 ion	 formed	 was	 complete,	 ferric	 ion	 reached	 its	 maximum	
concentration	again.		At	this	point,	more	copper	metal	powder	was	added.	This	cycle	was	repeated	
continuously	for	6	additions.	
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This	 approach	 allowed	 comparison	 of	 the	 ferric	 ion	 production	 and	 consumption	 trends	 through	
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This	 trend	was	 observed	multiple	 times	with	 each	 addition	of	 copper	metal	 powder.	 From	all	 the	
additions	of	the	copper	metal	powder,	the	decrease	of	the	ferric	ion	concentration	was	significantly	
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Addition	1	 -0.0640	 0.001627	 39.3549	
Addition	2	 -0.0605	 0.001866	 32.4476	
Addition	3	 -0.0424	 0.002663	 15.9325	
Addition	4	 -0.0374	 0.002174	 17.1843	
Addition	5	 -0.0461	 0.003331	 13.8306	




























This	 may	 be	 partly	 attributed	 to	 the	 concomitant	 ferric	 regeneration	 but	 may	 also	 result	 from	 a	
microbial	biofilm	forming	on	the	metal	surface,	affecting	surface	contacting.	 	The	possibility	of	this	
should	be	investigated	in	further	studies.	
The	 results	 supported	 that	 of	 the	 Yang	 et	 al.	 (2009)	 study,	 as	 it	 demonstrated	 that	 the	 rate	 of	
biooxidation	increased	with	subsequent	metal	additions,	which	corresponded	to	increasing	microbial	
populations.	Further,	the	prolonged	duration	of	the	study	together	the	sequential	increase	in	copper	
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2F;5G + +X0 	→ 2F;8G + +X8G	 +ℎ;ÜohÅc	Ö;NNoh	oÄd	hÄdÇXÜà3oÄd 	 Equation	4-10	
4F;8G + S8 + 4U












system.	 	On	 addition	 of	 the	 copper	 powder	 in	 each	 addition,	 the	 chemical	 reduction	 of	 ferric	 ion	
occurred	 (Equation	 4-10)	 where	 the	 ferric	 ion	 was	 converted	 to	 ferrous	 ion	 as	 the	 oxidation	 of	
elemental	 copper	 to	 cupric	 ions	 occurred.	 This	 explains	 the	 initial	 decrease	 of	 the	 ferric	 ion	
concentration	observed	in	Figure	4–22.	
The	 consumption	 of	 ferric	 ion	 (Equation	 4-10)	 was	much	 faster	 than	 the	 production	 of	 ferric	 ion	
(Equation	4-11)	in	all	the	additions	of	copper,	resulting	in	a	net	decrease	of	the	observed	ferric	ion	
concentration	(Equation	4-12)	thus	lowering	the	ferric	to	total	iron	ratio	observed	in	Figure	4–22.	This	
indicates	 that	 the	 biological	 process	 was	 the	 limiting	 rate	 in	 the	 system	 using	metallic	 copper	 in	
powder	form	where	negligible	mass	transfer	limitations	exist.	
As	 the	 dissolution	 of	 copper	 occurred,	 freshly	 generated	 ferrous	 ion	 was	 available	 to	 the	
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As	 the	time	progressed,	 the	 ferric	 ion	regeneration	cycle	became	faster	 for	 the	 first	3	additions	of	
copper.	This	was	attributed	to	the	 increase	of	the	microbial	population	as	shown	in	Table	4-3,	and	
associated	increase	in	volumetric	ferrous	ion	oxidation	rate	as	shown	in	Table	4-2.	
On	analysis	 of	 the	pH	 results	 in	 Figure	4–24,	 the	high	pH	 spike	 initially	was	 attributed	 to	 the	acid	
leaching	 of	 the	 base	 copper	 metals	 (Choi,	 et	 al.,	 2004;	 Yang,	 et	 al.,	 2009).	 This	 is	 similar	 to	 the	
















2F;5G + +X0 	→ 2F;8G + +X8G	 +ℎ;ÜohÅc	Ö;NNoh	oÄd	hÄdÇXÜà3oÄd 	 Equation	5-1	
4F;8G + S8 + 4U












5-1),	 little	 ferric	 ion	 remains	 in	 the	 system	 as	 ferric	 ion	 is	 consumed	 rapidly;	 however,	 if	 the	
biooxidation	process	is	dominant	(Equation	5-2),	the	observed	ferric	ion	concentration	increases	due	
to	a	higher	ferric	ion	production	rate.	
Having	 a	 high	 ferric	 ion	 concentration	 is	 crucial	 to	 the	 dissolution	 of	 metals	 as	 the	 higher	 the	
concentration	the	faster	the	metals	can	be	mobilized	from	the	e-waste.			The	dissolution	rate	of	metals	
such	 as	 tin	 and	 copper	 has	 a	 dependence	 on	 the	 ferric	 ion	 concentration.	With	 this	 in	mind,	 the	
objective	of	this	section	is	to	determine	key	system	parameters	to	maximize	the	ferric	ion	production	




the	 ferric	 ion	 production	 and	 consumption	 rates.	 The	 results	 are	 used	 to	make	 recommendations	
towards	future	experimental	work	and	on	the	design	of	a	PCB	bioleaching	process	for	optimal	metal	
dissolution	 rates	 from	e-waste.	 The	 system	 variables	 that	 are	 investigated	 in	 a	 sensitivity	 analysis	
were:	















In	 order	 to	 investigate	 the	 conditions	 that	 lead	 to	 high	 metal	 dissolution	 efficiencies,	 several	
assumptions	 have	 been	made.	 This	means	 that	 the	 proposed	model	 does	 not	 seek	 to	 predict	 the	
leaching	 efficiencies	 of	metals	 accurately,	 but	 can	 be	 used	 to	 investigate	 and	 identify	 key	 system	
variables	 that	 can	 increase	metal	 dissolution	 efficiencies,	 allowing	 scenario	 analysis	 to	 propose	 a	
preferred	operating	regime.	These	assumptions	include:	




well	 understood	 in	 literature.	 Thus	 a	 series	 of	 inhibition	 experiments	 will	 need	 to	 be	
conducted	as	part	of	the	ongoing	research.	This	was	outside	the	scope	of	this	thesis	owing	to	
the	 complexity	 of	 adaptation	 to	metals	 and	 the	mobility	 of	metal	 resistance	mechanisms,	
making	it	a	study	in	its	own	right.		
• There	 are	 negligible	 mass	 transfer	 limitations	 on	 the	 system.	 However	 as	 metals	 are	
embedded	on	the	PCBs,	the	mass	transfer	effects	may	be	significant.	It	is	important	to	model	
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iron	 ratio,	 initial	 copper	 concentration	 and	 presence	 of	mixed	metals	were	 simulated.	 The	model	
developed	assumed	a	two-step	biooxidation	process	which	was	proposed	by	Brandl	et	al	(2001),		























of	 the	above	configuration	was	 to	 investigate	 the	 response	of	 the	system	on	 the	 rate	of	 ferric	 ion	
consumption	against	ferric	ion	production.	The	results	could	be	used	in	future	work	to	determine	the	







































	 Shrinking	particle	model	rate	law	 Correlation	 Standard	
Error	
	
Copper	 ! = 1 − (1 − 0.00436. +,-./
0.12 . 3)5	 0.948 0.0674 Equation	5-7	
Tin	 !
= 1 − (1 − 0.000593. +,-./
0.829. 3)5	
0.905 0.0658 Equation	5-8	
Zinc	 ! = 1 − ;<0.00=1>?
@.A
	 0.927 0.050 Equation	5-9	
	
The	overall	accumulation	of	metal	ions	in	the	reactor	is	a	function	of	the	metal	ions	coming	into	the	
reactor,	 the	metal	 ions	 leaving	 the	 reactor	 and	 the	metal	 ions	 formed	 through	 reaction	 over	 the	
reactor	volume.	The	ferric	ions	consumed	over	the	reactor	volume	are	linked	to	the	metal	dissolution	
by:		

























The	 microbial	 rate	 constant	 K,-J/
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N,-./
∗ ÜÄcÅN = N,-./ ùÄcXÜ;3Noh ∗ õ	(N;Åh3ÄN	ùÄcXÜ;)	 Equation	5-14	
	
5.4.4 Design	Equations	of	the	Combined	System	





ùZD-I+Y°/Y]_ZD-I = 	ùzYEM+Y°/Eé?_zYEM	 	
ùZD-I+Y°/Eé?_ZD-I = 	ùzYEM+Y°/Y]_zYEM		 Equation	5-15	
	











































./ + õzYEMN,-./_zYEM	 Equation	5-18	
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This	provides	a	way	to	compare	the	ferric	ion	production	rate	against	the	ferric	ion	consumption	rate.	












5-19	 shows	 that	 one	 way	 to	 increase	 the	 overall	 concentration	 of	 ferric	 ion	 produced	 in	 the	
biooxidation	 reactor	 is	 by	 having	 a	 large	 biooxidation	 volume.	 This	 means	 that	 ratio	 of	 volumes	
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6 Simulation	Results	and	Discussion	
In	 the	 chapter,	 the	 results	of	 the	 simulation	 sensitivity	 analysis	 are	presented,	 addressing:	 varying	




In	 order	 to	 check	 that	 the	model	 predicts	 the	 trend	 shown	 in	 the	 fed-batch	 addition	 experiment	
(Section	4.4),	a	simulation	was	conducted	where	virtual	copper	metal	additions	were	added	to	the	



















addition.	 This	 cycle	 was	 repeated	 for	 all	 6	 additions	 with	 increasingly	 fast	 increase	 in	 ferric	
concentration.	 The	 time	 for	 the	 consumption	 and	 production	 cycle	 decreased	 with	 each	 copper	
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However	 there	 were	 notable	 differences	 between	 the	 simulation	 run	 and	 experimental	 run.	 The	
increase	of	the	microbial	population	in	the	simulation	was	exponential	while	in	the	experiment	the	
increase	was	not	exponential.	This	could	be	attributed	to	 the	 fact	 that	 the	simulation	assumed	no	
inhibition	 of	microorganisms.	 In	 the	 experiments,	 inhibition	would	 occur	 at	 high	 concentration	 of	
cupric	ion	and	hence	the	microbial	growth	would	be	affected.	A	second	reason	for	the	deviation	was	




reactors,	 while	 the	 experiments	 were	 conducted	 in	 a	 batch	 reactor.	 There	 may	 have	 been	 mass	





















From	 Figure	 6–2	 subplot	 A	 (in	 which	 the	 ferric	 ion	 concentration	 in	 the	 biooxidation	 reactor	 is	
predicted	 over	 a	 short	 time	 period),	 the	 ferric	 ion	 concentration	 in	 the	 1	 L	 biooxidation	 reactor	
decreased	with	 time.	 The	 initial	 rate	 of	 ferric	 ion	 consumption	was	 fast	 but	 slowed	 down	 as	 the	
simulation	 progressed.	 It	 took	 33	minutes	 for	 the	 simulation	 to	 complete	 and	 the	 final	 ferric	 ion	
concentration	 was	 0.025	 mol.l-1.	 The	 time	 for	 the	 simulation	 to	 complete	 decreased	 as	 the	
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biooxidation	 reactor	 volume	 increased	 with	 a	 higher	 final	 ferric	 ion	 concentration.	 At	 1000	 L	
biooxidation	volume,	 the	 final	 ferric	 ion	concentration	was	 the	highest	at	0.16	mol.l-1	with	no	net	




biooxidation	 reactor	with	 the	 same	 final	 ferric	 ion	 concentration	 of	 0.02	mol.l-1	 at	 the	 end	 of	 the	
simulation	run.	On	increasing	the	volume	of	the	biooxidation	reactor,	the	initial	rate	of	decrease	of	




From	 Figure	 6–2	 subplot	 C	 (cupric	 ion	 concentration	 in	 the	 biooxidation	 reactor),	 at	 biooxidation	
reactor	volumes	of	1	L	 to	12	L,	 the	overall	cupric	 ion	concentration	 in	solution	accumulated	 in	the	
biooxidation	reactor.	However	the	overall	cupric	concentration	at	the	end	of	the	simulation	decreased	
as	 volume	 increased.	 The	 final	 cupric	 ion	 concentration	 showed	no	visible	net	 change	at	 a	1000	 L	




reactor.	 However,	 at	 6	 L	 –	 1000	 L	 biooxidation	 volume,	 the	 cupric	 ion	 concentration	 in	 solution	
reached	a	maximum	value	and	then	decreased.	The	greater	the	volume	of	the	biooxidation	reactor,	
the	 lower	 was	 the	 overall	 cupric	 ion	 concentration	 at	 the	 end	 of	 the	 simulation	 i.e.	 at	 1000	 L	
biooxidation	reactor	volume	the	final	cupric	ion	concentration	was	approximately	0.005	mol.l-1.	
From	 Figure	 6–2	 subplot	 E	 (biomass	 concentration	 in	 the	 biooxidation	 reactor),	 the	 biomass	
concentration	increased	in	the	biooxidation	reactor.	The	increase	seems	to	be	linear	in	all	the	volumes	
except	the	1000	L	simulation	which	does	not	seem	to	increase.	
From	Figure	6–2	subplot	E	 (copper	metal	 concentration	 in	 the	chemical	 reactor),	 the	copper	mass	
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Figure	 6–2.	 Ferric	 ion,	 cupric	 ion,	 biomass	 and	 base	 copper	 trends	 in	 the	 biooxidation	 and	 chemical	 reactor	 at	 varying	
biooxidation	volume	
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6.2.3 Discussion	of	the	Simulation	Trends	on	Varying	the	Biooxidation	Volume	












This	 explains	 a	higher	net	observed	 ferric	 ion	 concentration	 at	 the	end	of	 the	 run	 as	described	 in	
Equation	5-3	and	Equation	5-19.	
At	 high	 biooxidation	 volumes	 (e.g.	 1000	 L	 and	 residence	 time	 of	 60	 000	 seconds),	 the	 system	
approached	 a	 steady	 state	 where	 there	 was	 no	 change	 in	 the	 ferric	 ion	 concentration.	 When	
considering	the	volumetric	ferric	ion	production	rate	in	subplot	G,	there	was	an	overall	decrease	in	




ion	 concentration	 in	 the	 biooxidation	 reactor	 (Figure	 6–2	 subplot	 A)	 appeared	 as	 a	 zero	 gradient	
indicating	no	net	observed	change	of	the	concentration.	As	the	ferric	ion	production	rate	depends	on	
the	ferrous	ion	utilisation	rate	Equation	5-11,	the	high	molar	ferric	ion	utilisation	rate	meant	the	fast	
depletion	 of	 ferrous	 ions	 which	 caused	 the	 ferric	 ion	 production	 rate	 to	 decrease	 due	 to	 lack	 of	
reactants.	
It	is	proposed	that	the	reason	the	simulation	took	shorter	periods	of	time	in	the	higher	biooxidation	
volumes	 was	 due	 to	 the	 increased	 molar	 ferric	 ion	 production	 rate.	 This	 was	 indicated	 by	 the	
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ferric	ion	was	entering	the	reactor.	Hence	a	net	decrease	in	the	ferric	ion	concentration	in	the	chemical	





However,	 2	minutes	 into	 the	 simulation	 in	 the	 3	 L	 –	 1000	 L	 runs,	 the	 decreased	molar	 ferric	 ion	
consumption	rate	and	increased	molar	ferric	ion	production	rate	resulted	in	the	rate	at	which	ferric	
ion	was	entering	the	chemical	reactor	was	equal	to	the	rate	at	which	ferric	ion	was	consumed	over	
the	 reactor	 volume	 and	 the	 rate	 it	was	 leaving	 the	 reactor.	 This	 resulted	 in	 no	 net	 change	 in	 the	
observed	ferric	ion	concentration	as	indicated	by	the	minima	observed	(Figure	6–2	subplot	B).	As	the	
simulation	time	progressed,	the	rate	of	ferric	ion	consumption	decreased	further,	which	meant	the	






when	 the	 biooxidation	 volume	 was	 greater	 or	 equal	 to	 6	 L,	 the	 overall	 cupric	 ion	 concentration	
reached	a	maxima	and	decreased.	This	is	explained	by	the	cupric	ion	formed	in	the	chemical	reactor	




interval	before	going	back	 into	 the	chemical	 reactor.	Here	 the	rate	of	cupric	 ion	production	 in	 the	
reactor	from	metal	dissolution	and	entering	from	the	biooxidation	reactor	was	greater	than	the	rate	
it	was	leaving	the	chemical	reactor.	This	explained	the	overall	accumulation	of	cupric	ion	in	the	reactor	




for	 1000	 L.	 At	 high	 cupric	 ion	 dissolution	 rates	 (0	 -	 2	minutes),	 the	 rate	 at	 which	 cupric	 ion	was	
accumulating	 in	 the	 chemical	 reactor	 (from	 dissolution	 of	 copper	metal	 and	 re-entering	 from	 the	
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biooxidation	reactor)	was	faster	than	the	rate	at	which	it	was	leaving	the	chemical	reactor	into	the	







It	was	 shown	 that	 there	was	 a	 relationship	 between	 the	 biooxidation	 volume	 and	 final	 cupric	 ion	
concentration,	 in	that	the	higher	the	biooxidation	volume	hence	τbiox	 the	 lower	the	final	cupric	 ion	
concentration.	This	is	because	as	τbiox	increased,	the	greater	the	dilution	of	the	cupric	ions	as	indicated	
by	the	decreasing	concentration	of	the	cupric	ions	in	the	biooxidation	reactor.	Due	to	the	ideal	reactor	




This	 section	 uses	 copper	 as	 a	 representative	 metal	 and	 investigates	 ferric	 ion	 production	 and	
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However	 when	 the	 cell	 count	 was	 1×109,	 the	 ferric	 ion	 concentration	 decreased,	 then	 reached	 a	
minima	and	then	increased.	The	minima	in	the	biooxidation	reactor	formed	at	a	higher	point	(0.12	
mol.l-1)	than	the	minima	in	the	chemical	reactor	(0.10	mol.l-1).	The	ferric	ion	production	rate	rapidly	
increased	 to	 a	 maxima	 then	 decreased	 when	 the	 cell	 count	 was	 1×109.	 There	 was	 an	 overall	
accumulation	of	cupric	ions	in	both	reactors.	As	different	orders	of	magnitude	were	used	in	the	cell	
number,	 the	 biomass	 concentration	 trends	 (in	 subplot	 E)	 was	 not	 informative.	 The	 ferric	 ion	
consumption	trend	(subplot	H)	was	the	same	in	all	the	simulation	runs.	















was	 indicated	 by	 the	 higher	 volumetric	 ferric	 ion	 production	 rate	 in	 subplot	 G.	 If	 the	 microbial	
population	was	sufficiently	high	(1×109	cells.ml-1),	the	ferric	ion	production	rate	became	greater	and	
began	to	dominate	the	ferric	ion	consumption	rate.	This	is	shown	by	the	minima	formed	at	7	minutes	




rate	 also	 slowed	 down.	 This	 meant	 that	 the	 ferric	 ion	 production	 rate	 dominated	 the	 ferric	 ion	











the	 reach	maximum	 ferric	 ion	 concentration	 decreased	 significantly	 and	 remained	 constant	 (<	 30	
hours).	
































20	 g	 initial	 Cu.	 On	 increasing	 the	microbial	 population	 to	 7.25×108	 cells.ml-1,	 the	 simulation	 time	
decreased	from	33	minutes	to	18	minutes.	
At	 1	 L	 biooxidation	 reactor	 volume	 and	 a	microbial	 population	 7.25×107	 cells.ml-1	simulations,	 the	
ferric	and	cupric	ion	concentration	trends	in	both	reactors	were	the	same.	At	low	initial	copper	mass,	








simulations.	 The	 final	 cupric	 ion	 concentration	 was	 proportional	 to	 the	 initial	 copper	 mass	 in	
suspension,	in	that	the	higher	the	initial	mass,	the	higher	the	final	cupric	ion	concentration.		
The	 trends	 in	 the	 ferric	 and	 cupric	 ion	 concentration	 were	 different	 when	 the	 volume	 of	 the	
biooxidation	reactor	increased	to	10	L	(600	seconds	τbiox)	and	20	g	initial	copper	mass	in	suspension.	
There	was	an	overall	decrease	 in	 the	 ferric	 ion	concentration	 in	 the	biooxidation	reactor	 to	a	 final	










reactor	 (0.12	mol.ml-1)	was	 lower	 than	 in	 the	biooxidation	 reactor	 (0.15	mol.ml-1).	The	volumetric	
ferric	ion	production	rate	had	a	steady	state	which	was	10	times	higher	i.e.	0.00023		mol	Fe3+.l-1.s-1	
when	 the	 population	was	 7.25×108	 cells.ml-1	 vs	 0.000023	 	mol	 Fe3+.l-1.s-1	when	 it	was	 at	 7.25×107	
cells.ml-1.	




































decreased	 ferric	 ion	 consumption	 rate	 resulted	 in	 the	 rate	 at	 which	 ferric	 ion	 was	 entering	 the	
chemical	reactor	matched	to	the	rate	at	which	ferric	ion	was	consumed	over	the	reactor	volume	and	
the	 rate	 it	 was	 leaving	 the	 reactor.	 As	 such	 there	 was	 no	 net	 change	 in	 the	 observed	 ferric	 ion	
concentration	as	indicated	by	the	minima	observed	in	the	ferric	ion	concentration.	As	the	simulation	
progressed	there	was	an	increase	in	the	ferric	ion	concentration,	which	was	because	as	the	rate	of	
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ferric	 ion	 consumption	 decreased,	 the	 rate	 at	 which	 ferric	 ion	was	 entering	 the	 chemical	 reactor	
became	greater	 than	the	rate	at	which	 ferric	 ion	was	consumed	 in	the	reactor	and	the	rate	 it	was	
leaving	the	reactor.		
















reactor	and	was	produced	 in	the	chemical	reactor.	Which	explained	the	net	decrease	 in	cupric	 ion	
concentration	was	observed.	
When	the	microbial	population	increased	by	a	factor	of	10	to	7.25×108	cells.ml-1,	there	was	an	overall	




was	 higher	 than	 the	 ferric	 ion	 production	 rate	 (-0.0008	mol	 Fe3+.l-1.s-1	 vs	 0.000023	mol	 Fe3+.l-1.s-1	
respectively)	 which	 led	 to	 a	 net	 decrease	 in	 the	 ferric	 ion	 concentration.	 However	 as	 the	 metal	
dissolution	 rate	 slowed	down	 (subplot	 F),	 the	 ferric	 ion	 consumption	 rate	 also	 slowed	down.	 This	
meant	the	ferric	ion	production	rate	matched	the	consumption	rate	leading	to	no	net	change	in	the	
ferric	 ion	concentration	which	occurred	at	7	minutes.	The	ferric	 ion	concentration	increased	as	the	
ferric	 ion	 production	 rate	 began	 to	 dominate	 the	 ferric	 ion	 consumption	 rate	 because	 the	metal	
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biooxidation	 reactor	 was	 higher	 (0.0842	 mol.l-1)	 than	 in	 the	 chemical	 reactor	 0.07	 mol.l-1.	 Both	
concentrations	 were	 higher	 than	 when	 increasing	 the	 biooxidation	 volume.	 There	 was	 a	 net	
accumulation	 of	 cupric	 ions	 in	 both	 reactors	 and	 the	 time	 for	 the	 simulation	 decreased	 from	170	
minutes	to	30	minutes.	There	was	a	net	increase	in	the	ferric	ion	production	rate	and	it	was	higher	
than	in	the	other	simulation	runs.	


















point	 as	 opposed	 to	 copper	metal	 limitation.	 The	 low	 ferric	 ion	 concentrations	 explains	 the	 slow	
accumulation	 of	 cupric	 ion	 observed	 in	 both	 reactors.	 The	 transition	 stage	 from	 fast	 to	 slow	
accumulation	of	 cupric	 ion	 can	be	explained	by	observing	 the	 ferric	 ion	 concentration	 trends.	 The	
transition	 from	 the	 fast	 to	 slow	 accumulation	 phase	 occurred	 at	 the	 time	 when	 the	 ferric	 ion	
concentration	 had	 been	 depleted	 from	 the	 reactor.	 As	 such	 the	 copper	 dissolution	 process	 was	
dependent	on	the	biooxidation	process	for	the	production	of	ferric	ion.	In	that	in	order	for	the	process	
to	continue,	more	ferric	ion	needed	to	be	oxidized	from	ferrous	ion	through	microbial	activity.		
As	 the	 metal	 dissolution	 process	 progressed,	 the	 rate	 of	 conversion	 of	 copper	 metal	 decreased	
(subplot	F	and	H)	which	meant	that	the	rate	of	ferric	ion	production	became	greater	than	the	rate	of	
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The	 ferric	 ion	 concentration	 in	 Figure	 6–5	 subplot	 B	 showed	 a	 small	 minima	 at	 the	 start	 of	 the	
simulation	run	i.e.	at	2	minutes.	Initially	the	rate	of	consumption	of	ferric	ion	in	the	chemical	reactor	
was	greater	than	the	rate	of	production	of	ferric	ion	and	transport	to	the	chemical	reactor.	This	was	




The	 cupric	 ion	 concentration	 trend	 at	 the	 higher	 biooxidation	 reactor	 volume	 was	 different	 as	




ion	 concentration	 increased	 which	 would	 lead	 to	 faster	 copper	 dissolution	 kinetics	 hence	 faster	
accumulation	of	 the	cupric	 ion	 towards	 the	end	of	 the	simulation.	This	 is	different	 from	the	other	
simulation	runs	 in	that	the	 initial	 ferric	 ion	concentration	was	high	which	resulted	 in	 faster	copper	
dissolution	kinetics	hence	faster	accumulation	of	cupric	ion	at	the	initial	stages	of	the	simulation	which	
slowed	down	with	time.		
On	 increasing	 the	 microbial	 population	 by	 a	 factor	 of	 10	 to	 7.25×108	 cells.ml-1,	 the	 time	 for	 the	
simulation	 to	 complete	 decreased	 from	 170	 minutes	 to	 30	 minutes.	 As	 there	 was	 more	




was	 greater	 at	 low	 ratios	 than	 the	 impact	 of	 increasing	 the	 biooxidation	 reactor	 volume.	 This	 is	




first	 simulation	 are	 given	 in	 Table	 6-6.	 For	 the	 second	 simulation	 the	 volume	 of	 the	 biooxidation	
reactor	was	 increased	 to	 a	 volume	of	 10	 L.	 The	 simulation	 ended	when	 95	%	of	 the	metals	were	
converted.	






































Figure	 6–7	 below	 contains	 the	 results	 of	 the	 metal	 ion	 concentration	 in	 solution	 in	 the	 metal	

















meant	 that	 the	 metal	 ion	 concentration	 flowing	 out	 of	 the	 reactor	 was	 high.	 As	 the	 simulation	
progressed	 the	metal	 dissolution	 rate	 decreased	 for	 zinc	 and	 copper	 to	 a	 point	 where	 the	metal	
entering	the	reactor	i.e.	from	dissolution	and	flow	in,	was	equal	to	the	rate	the	metal	ions	were	leaving	
the	 reactor	 so	 no	 net	 change	 in	metal	 ion	 concentration.	 This	 explained	 the	 observed	maxima	 in	
copper	and	zinc	concentrations.		
As	the	simulation	progressed	further,	the	dissolution	rates	of	copper	and	zinc	decreased.	However	
due	 to	 the	 high	 concentration	 of	 metal	 ion	 still	 in	 the	 chemical	 reactor,	 and	 the	 ideal	 reactor	
assumption	 where	 the	 concentration	 of	 the	 flow	 out	 of	 the	 reactor	 is	 equal	 to	 the	 reactor	
concentration,	there	was	still	a	high	flow	rate	of	metal	ions	out	of	the	reactor.	This	meant	the	rate	of	
metal	 ions	leaving	the	reactor	was	greater	than	the	rates	the	metal	 ions	were	entering	the	reactor	













to	 recover	 the	 valuable	 metals	 will	 help	 alleviate	 environmental	 impact	 and	 enhance	 resource	
productivity,	offering	safe	disposal	and	an	incentive	to	recycle.	
The	purpose	of	this	study	was	to	develop	a	sound	understanding	of	the	application	of	bioleaching	of	
base	 metals	 from	 their	 element	 form	 in	 WEEE	 using	 a	 ferric:ferrous	 iron	 system	 with	 microbial	
regeneration	 of	 the	 ferric	 leach	 agent.	 	 Of	 particular	 importance	 for	 both	 system	 design	 and	
optimisation	of	 its	 operational	 performance	 is	 the	need	 to	 compare	 the	 ferric	 ion	production	 and	
consumption	trends	in	order	to	determine	the	rate-limiting	stage	within	the	two	sub-processes.	This	








































more	 additions	 were	made,	 the	 ferric	 ion	 production	 rate	 increased	 from	 0.0016	mol	 Fe3+.hr-1	 in	
addition	1	to	0.0031	mol	Fe3+.hr-1	in	addition	6.	The	increased	rate	of	ferric	ion	production	meant	that	
the	 ratio	 of	 ferric	 ion	 consumption	 to	 production	 rate	 decreased	 from	 39	 to	 13	 respectively.	 The	










a	 minimum.	 However,	 when	 PCBs	 are	 considered,	 mass	 transfer	 limitations	 may	 be	 significant	
resulting	in	lower	ferric	ion	consumption	rates.	If	the	ferric	ion	consumption	rate	becomes	slower	than	






tin.	 The	 shrinking	 particle	 model	 could	 be	 used	 to	 simulate	 the	 dissolution	 of	 copper	 and	 tin	
adequately	 with	 correlation	 coefficients	 of	 0.948	 and	 0.905	 respectively.	 The	 following	 model	
equations	resulted:	
	
	 Shrinking	particle	model	rate	law	 Correlation	 Standard	Error	
Copper	 ! = 1 − (1 − 0.00436. +,-./
0.12 . 3)5	 0.948 0.0674 
Tin	 ! = 1 − (1 − 0.000593. +,-./




	 Logarithmic	model	rate	law	 Correlation	 Standard	Error	
Zinc	 ! = 1 − ;<0.00=1>?
@.A









operating	 variables.	 Through	 this	 analysis,	 it	 was	 proposed	 that	 the	 factors	 that	 increased	 the	
dissolution	 rate	of	copper	 include	 the	 relative	volume	of	 the	biooxidation	 reactor	and,	as	a	 result,	
residence	time	in	the	biooxidation	reactor,	and	the	microbial	cell	population.	These	two	components	









ion	production	rate	at	equal	volumes	of	 the	biooxidation	and	chemical	process	and	high	 ferric	 ion	
concentrations.	The	sensitivity	analysis	has	shown	that	the	ferric	ion	production	rate	can	be	increased	






made	 in	 this	 study	 are	 investigated	 to	 identify	 which	 simplifying	 assumptions	 point	 toward	 the	
requirement	 for	 additional	 research.	 This	 will	 provide	 a	 more	 accurate	 simulation	 of	 the	 metal	
recovery	process	from	printed	circuit	boards.	
For	the	duration	of	the	experiments	and	simulation,	the	system	was	designed	to	ensure	that	mass	









PCBs,	 their	 plastic	 components	 as	 well	 as	 prior	 exposure	 to	metals	 is	 thus	 expected	 to	 influence	
inhibition	of	the	microbial	phase.	However	metal	tolerance	in	microbial	species	can	be	both	developed	
through	 adaptation	 and	 lost	 as	 typically	 plasmid	 borne.	 	 The	 intercalation	 of	 experimental	








conditions	 and	 practical	 conditions	 in	 order	 to	 give	 a	 good	 understanding	 of	 recovery	 rate	 and	
efficiency	of	metals.	This	 includes	 repeating	 the	 fed	batch	experiments	 to	calibrate	 the	model	and	
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V1. õ1 = V2. õ2	
5. This	meant	that	the	volume	of	the	HCl	solution	used	was:	
V1. õ1 = V2. õ2 = 2.0 ∗ 1000 = 10.18 ∗ õ2	
































+;cc	hÄdh;d3NÅ3oÄd = h;ccÇ	hÄXd3;É ∗ 312500 ∗ ÑocX3oÄd	ÖÅh3ÄN	
Equation	8-1	
	 	




































































		 ppm	 ppm	 ppm	 ppm	 ppm	 ppm	 ppm	
Std	2ppm	 2.04	 2.08	 -	 2	 1.99	 2.02	 -	
001*101	 16.22	 59.82	 -	 -	 -	 2.02	 15.28	
002	*101	 16.81	 59.88	 -	 -	 -	 -	 20.07	
001	*10	 -	 -	 3.9	 4.46	 87.92	 75.22	 -	
002	*	10	 -	 -	 4.11	 1.22	 0.48	 10.67	 -	
The	results	of	the	ICP	analysis	was	given	in	parts	per	million.	The	sample	label	001	indicates	the	high	
grade	sample,	while	002	indicates	the	low	grade	sample.	The	value	besides	the	sample	label	i.e.	101	
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		 g.l-1	 g.l-1	 g.l-1	 g.l-1	 g.l-1	 g.l-1	 g.l-1	
Std	2ppm	 2.04	 2.08	 -	 2	 1.99	 2.02	 -	
HG	 1.63822	 6.04182	 -	 -	 -	 0.20402	 1.54328	
LG	 1.69781	 6.04788	 -	 -	 -	 -	 2.02707	
001	*10	 -	 -	 0.039	 0.0446	 0.8792	 0.7522	 -	
002	*	10	 -	 -	 0.0411	 0.0122	 0.0048	 0.1067	 -	
However	 in	order	 to	 relate	 the	metal	 ion	concentrations	with	 the	PCB	sample	used,	 the	metal	 ion	














































































0 = ù+,-J/0_zYEM − 	ù+,-J/?_zYEM + õN,-J/_zYEM		
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Chemical	Design	Equations	



















= ùZD-I+,-J/0_ZD-I −	ùZD-I+,-J/?_ZD-I + õZD-IN,-J/_ZD-I	
õZD-IÉ+ûéJ/_ZD-I
É3












= ùzYEM+ûéJ/0_zYEM − 	ùzYEM+ûéJ/?_zYEM	
õzYEMÉ+,-J/_zYEM
É3




















































õZD-I+,-J/ 3 + 1
= 	õZD-I+,-J/ 3 + ℎ(ùZD-I+,-J/0 − 	ùZD-I+,-J/(3) + õZD-I ∗ (s ∗ +,-J/ 3
∗ 	+ûé®©™´
@ 	 3 )	
+,-J/ 3 + 1 = 	+,-J/ 3 + ℎ(ÑZD-I(+,-J/0 − 	+,-J/ 3 ) + (s ∗ +,-J/ 3 ∗ 	+ûé®©™´
@ 	 3 )	
	
õZD-I+ûéJ/ 3 + 1
= 	õZD-I+ûéJ/ 3
+ ℎ ùZD-I+ûéJ/0 − ùZD-I+ûéJ/ 3 + õZD-I ∗ (s ∗ +,-J/ 3 ∗ 	+ûé®©™´
@ 	 3 ) 	
+ûéJ/ 3 + 1 = 	+ûéJ/ 3 + ℎ ÑZD-I(+ûéJ/0 − +ûéJ/ 3 ) + (s ∗ +,-J/ 3 ∗ 	+ûé®©™´
@ 	 3 ) 	
s ∗ +,-J/ 3 ∗ 	+ûé®©™´
@ 	 3 = 	+ûé®©™´
J/ (3 + 1)	
	
Bioxidation	






+ûéJ/ 3 + 1 = 	+ûéJ/ 	
	 	





Date	 Day	 Batch	1	(0	g	Cu	per	L)	 Batch	2	(1	g	Cu	per	L)	 Batch	3	(5	g	Cu	per	L)	 Batch		4	(10	g	Cu	per	L)	
9-Oct	 0	 0.158	 0.037	 0.111	 0.055	
10-Oct	 1	 0.204	 0.100	 0.054	 0.065	
11-Oct	 2	 0.239	 0.188	 0.09	 0.073	
12-Oct	 3	 0.253	 0.211	 0.141	 0.099	
13-Oct	 4	 0.316	 0.234	 0.248	 0.168	
15-Oct	 6	 1.057	 0.278	 0.245	 0.237	
16-Oct	 7	 1.021	 0.351	 0.289	 0.283	
17-Oct	 8	 -	 0.805	 0.336	 0.313	
18-Oct	 9	 -	 1.132	 0.36	 0.306	
19-Oct	 10	 -	 1.034	 0.508	 0.325	
20-Oct	 11	 -	 -	 1.036	 0.349	
22-Oct	 13	 -	 -	 1.002	 0.38	
23-Oct	 14	 -	 -	 -	 0.43	
24-Oct	 15	 -	 -	 -	 0.457	
25-Oct	 16	 -	 -	 -	 0.616	
26-Oct	 17	 -	 -	 -	 0.817	
27-Oct	 18	 -	 -	 -	 0.967	
29-Oct	 20	 -	 -	 -	 0.874	
  Actual	Iron	Concentration	(g/L)	
Date	 Day	 Batch	1	(0	g	Cu	per	L)	 Batch	2	(1	g	Cu	per	L)	 Batch	3	(5	g	Cu	per	L)	 Batch		4	(10	g	Cu	per	L)	
9-Oct	 0	 0.019	 0.004	 0.013	 0.007	
10-Oct	 1	 0.024	 0.012	 0.006	 0.008	
11-Oct	 2	 0.029	 0.023	 0.011	 0.009	
12-Oct	 3	 0.030	 0.025	 0.017	 0.012	
13-Oct	 4	 0.038	 0.028	 0.030	 0.020	
15-Oct	 6	 0.127	 0.033	 0.029	 0.028	
16-Oct	 7	 0.122	 0.042	 0.035	 0.034	
17-Oct	 8	 -	 0.096	 0.040	 0.037	
18-Oct	 9	 -	 0.136	 0.043	 0.037	
19-Oct	 10	 -	 0.124	 0.061	 0.039	
20-Oct	 11	 -	 -	 0.124	 0.042	
22-Oct	 13	 -	 -	 0.120	 0.046	
23-Oct	 14	 -	 -	 -	 0.052	
24-Oct	 15	 -	 -	 -	 0.055	
25-Oct	 16	 -	 -	 -	 0.074	
26-Oct	 17	 -	 -	 -	 0.098	
27-Oct	 18	 -	 -	 -	 0.116	
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9-Oct	 0	 387.00	 388.00	 382.00	 371.00	 1.86	 1.87	 2.02	 2.01	
9-Oct	 0	 403.00	 334.00	 278.00	 178.00	 1.67	 2.18	 3.68	 3.82	
10-Oct	 1	 406.00	 380.00	 313.00	 278.00	 1.94	 1.67	 2.21	 3.52	
10-Oct	 1	 409.00	 393.00	 356.00	 288.00	 1.93	 1.65	 1.57	 3.42	
11-Oct	 2	 410.00	 401.00	 362.00	 316.00	 1.97	 1.70	 1.73	 2.26	
12-Oct	 3	 414.00	 410.00	 394.00	 396.00	 1.98	 1.71	 1.80	 2.10	
13-Oct	 4	 409.00	 417.00	 404.00	 394.00	 1.96	 1.73	 1.82	 2.18	
15-Oct	 6	 700.00	 421.00	 416.00	 414.00	 2.16	 1.77	 1.87	 1.82	
16-Oct	 7	 719.00	 427.00	 419.00	 417.00	 2.17	 1.89	 1.98	 1.92	
17-Oct	 8	 -	 467.00	 426.00	 424.00	 -	 2.03	 1.89	 1.83	
18-Oct	 9	 -	 695.00	 429.00	 425.00	 -	 2.08	 1.94	 1.86	
19-Oct	 10	 -	 720.00	 442.00	 428.00	 -	 2.01	 2.03	 1.86	
20-Oct	 11	 -	 -	 693.00	 428.00	 -	 -	 2.21	 1.87	
22-Oct	 13	 -	 -	 729.00	 436.00	 -	 -	 2.05	 1.88	
23-Oct	 14	 -	 -	 -	 438.00	 -	 -	 -	 1.95	
24-Oct	 15	 -	 -	 -	 448.00	 -	 -	 -	 2.01	
25-Oct	 16	 -	 -	 -	 458.00	 -	 -	 -	 1.96	
26-Oct	 17	 -	 -	 -	 490.00	 -	 -	 -	 2.00	
27-Oct	 18	 -	 -	 -	 650.00	 -	 -	 -	 2.00	
















	  2	g/l	 4	g/l	
	  Initial	copper	 0.2077	 Initial	Copper	 		
	  Absorbance	 Concentration	 Absorbance	 Concentration	
Min	 Hrs	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	
0.00	 0.0	 723	 1.330	 1.390	 1.382	 0.166	 0.165	 1.006	 723	 1.330	 1.390	 1.382	 0.166	 0.165	 1.006	
5.00	 0.1	 493	 1.340	 1.081	 1.414	 0.129	 0.169	 0.764	 457	 1.410	 0.878	 1.443	 0.105	 0.172	 0.608	
10.00	 0.2	 471	 1.360	 1.063	 1.428	 0.127	 0.170	 0.744	 443	 1.450	 0.647	 1.421	 0.077	 0.170	 0.455	
20.00	 0.3	 466	 1.420	 0.907	 1.409	 0.108	 0.168	 0.644	 433	 1.470	 0.539	 1.432	 0.064	 0.171	 0.376	
30.00	 0.5	 461	 1.420	 0.913	 1.492	 0.109	 0.178	 0.612	 422	 1.520	 0.407	 1.422	 0.049	 0.170	 0.286	
45.00	 0.8	 461	 1.430	 0.851	 1.424	 0.102	 0.170	 0.598	 413	 1.590	 0.324	 1.399	 0.039	 0.167	 0.232	
60.00	 1.0	 461	 1.430	 0.844	 1.405	 0.101	 0.168	 0.601	 410	 1.560	 0.305	 1.424	 0.036	 0.170	 0.214	
90.00	 1.5	 460	 1.450	 0.863	 1.403	 0.103	 0.167	 0.615	 408	 1.440	 0.322	 1.433	 0.038	 0.171	 0.225	
120.00	 2.0	 459	 1.430	 0.865	 1.413	 0.103	 0.169	 0.612	 409	 1.440	 0.317	 1.418	 0.038	 0.169	 0.224	
1320.00	 22.0	 486	 1.610	 1.095	 1.344	 0.131	 0.160	 0.815	 440	 1.790	 0.570	 1.351	 0.068	 0.161	 0.422	
2760.00	 46.0	 533	 1.630	 1.301	 1.347	 0.155	 0.161	 0.966	 494	 2.000	 1.195	 1.328	 0.143	 0.159	 0.900	
4200.00	 70.0	 720	 1.670	 1.312	 1.293	 0.157	 0.154	 1.015	 619	 1.990	 1.244	 1.229	 0.148	 0.147	 1.012	
7080.00	 118.0	 685	 1.550	 1.468	 1.455	 0.175	 0.174	 1.009	 681	 1.490	 1.390	 1.394	 0.166	 0.166	 0.997	
	                
  Addition	2	
	  2	g/l	 4	g/l	
	  Initial	copper	 0.2054	 Initial	Copper	 0.4086	
	  Absorbance	 Concentration	 Absorbance	 Concentration	
Min	 Hrs	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	
0.00	 0.0	 685	 1.550	 1.468	 1.455	 0.175	 0.174	 1.009	 681	 1.490	 1.390	 1.394	 0.166	 0.166	 0.997	
18.00	 0.3	 453	 1.840	 0.864	 1.475	 0.103	 0.176	 0.586	 426	 1.720	 0.473	 1.449	 0.056	 0.173	 0.326	
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36.00	 0.6	 448	 1.880	 0.813	 1.470	 0.097	 0.175	 0.553	 399	 1.760	 0.270	 1.428	 0.032	 0.170	 0.189	
60.00	 1.0	 448	 1.850	 0.813	 1.463	 0.097	 0.175	 0.556	 394	 1.780	 0.181	 1.406	 0.022	 0.168	 0.129	
1453.00	 								12.43		 476	 1.480	 0.903	 1.374	 0.108	 0.164	 0.657	 448	 1.740	 0.570	 1.383	 0.068	 0.165	 0.412	
2893.00	 24.2	 491	 1.950	 1.452	 1.689	 0.173	 0.202	 0.860	 537	 2.350	 1.068	 1.631	 0.127	 0.195	 0.655	
4333.00	 48.2	 695	 1.890	 1.150	 1.139	 0.137	 0.136	 1.010	 647	 2.180	 1.098	 1.087	 0.131	 0.130	 1.010	
	 72.2	 705	 1.750	 1.159	 1.155	 0.138	 0.138	 1.003	 650	 1.480	 1.206	 1.206	 0.144	 0.144	 1.000	
	                
  Addition	3	
	  2	g/l	 4	g/l	
	  Initial	copper	 0.2088	 Initial	Copper	 0.4072	
	  Absorbance	 Concentration	 Absorbance	 Concentration	
Min	 Hrs	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	
0.00	 0	 705	 1.750	 1.159	 1.155	 0.138	 0.138	 1.003	 650	 1.480	 1.206	 1.206	 0.144	 0.144	 1.000	
30.00	 0.5	 475	 1.910	 0.921	 1.158	 0.110	 0.138	 0.795	 470	 1.630	 0.879	 1.205	 0.105	 0.144	 0.729	
60.00	 1	 461	 2.000	 0.826	 1.179	 0.099	 0.141	 0.701	 458	 1.650	 0.787	 1.234	 0.094	 0.147	 0.638	
90.00	 1.5	 455	 2.040	 0.802	 1.213	 0.096	 0.145	 0.661	 451	 1.710	 0.714	 1.217	 0.085	 0.145	 0.587	
357.00	 5.95	 462	 2.200	 0.802	 1.213	 0.096	 0.145	 0.661	 428	 2.220	 0.495	 1.159	 0.059	 0.138	 0.427	
357.00	 5.95	 478	 1.530	 0.810	 1.096	 0.097	 0.131	 0.739	 442	 1.540	 0.495	 1.159	 0.059	 0.138	 0.427	
720.00	 12	 553	 1.750	 1.431	 1.460	 0.171	 0.174	 0.980	 484	 2.090	 1.172	 1.300	 0.140	 0.155	 0.902	
1884.00	 31.4	 689	 1.600	 1.091	 1.087	 0.130	 0.130	 1.004	 652	 1.730	 1.151	 1.143	 0.137	 0.136	 1.007	
4764.00	 79.4	 738	 1.510	 1.214	 1.207	 0.145	 0.144	 1.006	 713	 1.670	 1.230	 1.236	 0.147	 0.148	 0.995	
	                
  Addition	4	
	  2	g/l	 4	g/l	
	  Initial	copper	 0.2081	 Initial	Copper	 0.4083	
	  Absorbance	 Concentration	 Absorbance	 Concentration	
Min	 Hrs	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	
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0.00	 0.0	 738	 1.510	 1.214	 1.207	 0.145	 0.144	 1.006	 713	 1.670	 1.230	 1.236	 0.147	 0.148	 0.995	
30.00	 0.5	 476	 1.590	 0.911	 1.207	 0.109	 0.144	 0.755	 478	 1.750	 0.992	 1.211	 0.118	 0.145	 0.819	
60.00	 1.0	 466	 1.630	 0.859	 1.217	 0.103	 0.145	 0.706	 468	 1.800	 0.918	 1.217	 0.110	 0.145	 0.754	
122.00	 2.0	 450	 1.660	 0.851	 1.420	 0.102	 0.170	 0.599	 418	 2.040	 0.604	 1.393	 0.072	 0.166	 0.434	
420.00	 7.0	 455	 1.760	 0.715	 1.192	 0.085	 0.142	 0.600	 401	 2.470	 0.323	 1.177	 0.039	 0.140	 0.274	
420.00	 7.0	 455	 1.760	 0.715	 1.192	 0.085	 0.142	 0.600	 418	 1.680	 0.341	 1.200	 0.041	 0.143	 0.284	
1440.00	 24.0	 551	 1.920	 1.139	 1.140	 0.136	 0.136	 0.999	 481	 1.990	 0.974	 1.153	 0.116	 0.138	 0.845	
1800.00	 30.0	 706	 1.880	 1.141	 1.128	 0.136	 0.135	 1.012	 526	 1.990	 1.114	 1.139	 0.133	 0.136	 0.978	
2820.00	 47.0	 721	 1.820	 1.166	 1.156	 0.139	 0.138	 1.009	 701	 1.940	 1.295	 1.284	 0.155	 0.153	 1.009	
	                
  Addition	5	
	  2	g/l	 4	g/l	
	  Initial	copper	 0.2100	 Initial	Copper	 0.4109	
	  Absorbance	 Concentration	 Absorbance	 Concentration	
Min	 Hrs	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	
0.00	 0.0	 746	 1.400	 1.166	 1.156	 0.139	 0.138	 1.009	 701	 1.400	 1.295	 1.284	 0.155	 0.153	 1.009	
30.00	 0.5	 476	 1.490	 0.885	 1.132	 0.106	 0.135	 0.782	 457	 1.540	 0.767	 1.194	 0.092	 0.143	 0.642	
60.00	 1.0	 467	 1.510	 0.820	 1.163	 0.098	 0.139	 0.705	 448	 1.570	 0.696	 1.211	 0.083	 0.145	 0.575	
90.00	 1.5	 463	 1.540	 0.813	 1.173	 0.097	 0.140	 0.693	 440	 1.590	 0.600	 1.226	 0.072	 0.146	 0.489	
120.00	 2.0	 455	 1.560	 0.714	 1.187	 0.085	 0.142	 0.602	 434	 1.630	 0.523	 1.226	 0.062	 0.146	 0.427	
260.00	 4.3	 450	 1.670	 0.651	 1.170	 0.078	 0.140	 0.556	 413	 1.790	 0.300	 1.198	 0.036	 0.143	 0.250	
378.00	 6.3	 460	 1.720	 0.744	 1.150	 0.089	 0.137	 0.647	 413	 1.930	 0.312	 1.186	 0.037	 0.142	 0.263	
482.00	 8.0	 468	 1.740	 0.828	 1.186	 0.099	 0.142	 0.698	 420	 1.940	 0.396	 1.175	 0.047	 0.140	 0.337	
1440.00	 24.0	 712	 1.820	 1.146	 1.127	 0.137	 0.135	 1.017	 652	 2.250	 1.137	 1.129	 0.136	 0.135	 1.007	
1726.00	 28.8	 722	 1.810	 1.249	 1.242	 0.149	 0.148	 1.006	 704	 1.540	 1.171	 1.165	 0.140	 0.139	 1.005	
	                
  Addition	6	
	  2	g/l	 4	g/l	
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	  Initial	copper	 0.2043	 Initial	Copper	 0.4110	
	  Absorbance	 Concentration	 Absorbance	 Concentration	
Min	 Hrs	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	 Eh	 pH	 Fe3+	 FeTot	 Fe3+	 FeTot	 Fe3+/Fetot	
0.00	 0.0	 722	 1.810	 1.249	 1.242	 0.149	 0.148	 1.006	 704	 1.540	 1.171	 1.165	 0.140	 0.139	 1.005	
30.00	 0.5	 474	 1.920	 1.003	 1.240	 0.120	 0.148	 0.809	 455	 1.660	 0.793	 1.213	 0.095	 0.145	 0.654	
60.00	 1.0	 467	 1.980	 0.882	 1.164	 0.105	 0.139	 0.758	 445	 1.710	 0.570	 1.025	 0.068	 0.122	 0.556	
90.00	 1.5	 466	 2.000	 1.049	 1.161	 0.125	 0.139	 0.904	 435	 1.780	 0.543	 1.161	 0.065	 0.139	 0.468	
122.00	 2.0	 465	 2.020	 0.936	 1.199	 0.112	 0.143	 0.781	 432	 1.800	 0.505	 1.162	 0.060	 0.139	 0.435	
194.00	 3.2	 467	 2.040	 0.936	 1.187	 0.112	 0.142	 0.789	 429	 1.870	 0.547	 1.235	 0.065	 0.147	 0.443	
194.00	 3.2	 477	 1.660	 0.936	 1.187	 0.112	 0.142	 0.789	 429	 1.870	 0.547	 1.235	 0.065	 0.147	 0.443	
1016.00	 16.9	 729	 1.890	 1.167	 1.153	 0.139	 0.138	 1.012	 566	 2.350	 1.074	 1.072	 0.128	 0.128	 1.002	
1022.00	 17.0	 -	 -	 -	 -	 -	 -	 -	 600	 1.480	 1.097	 1.093	 0.131	 0.130	 1.004	
1078.00	 24.0	 -	 -	 -	 -	 -	 -	 -	 710	 1.440	 1.089	 1.083	 0.130	 0.129	 1.006	
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 Run	1	(2	g/l	(Cu)	&	11	g/l	Fe)	 	
 Cu	added	 0.2034	 g	 Cu	/	100ml	 0.003201154	 moles/100ml	 Moles	Cu	per	l	 0.032012	 moles	/	l	
Time	 		 Absorbance	 Actual	Conc	(moles/dm3)	 	
Eh	 pH	 Fe3+	 FeTot	 Fe3+/Fetot	 Fe3+	 FeTot	 Fe3+/Fetot	 X	
0	 676.33	 1.13	 1.618	 1.553	 1.042	 0.193	 0.185	 1.042	 0	
5	 		 		 1.197	 1.565	 0.765	 0.143	 0.187	 0.765	 0.786746	
10	 		 		 1.115	 1.601	 0.697	 0.133	 0.191	 0.697	 0.938768	
15	 		 		 1.107	 1.605	 0.690	 0.132	 0.192	 0.690	 0.954616	
20	 		 		 1.178	 1.703	 0.690	 0.141	 0.203	 0.690	 0.821327	
25	 		 		 1.074	 1.588	 0.676	 0.128	 0.190	 0.676	 1.015504	
30	 471.00	 1.21	 1.201	 1.691	 0.707	 0.132	 0.202	 0.659	 0.950557	
	          
          
 Run	2	(4	g/l	(Cu)	&	11	g/l	Fe)	 	
 Cu	added	 0.4045	 g	 Cu	/	100ml	 0.006365067	 moles/100ml	 Moles	Cu	per	l	 0.063651	 moles	/	l	
Time	
		 Absorbance	 Actual	Conc	(moles/dm3)	 	
Eh	 pH	 Fe3+	 FeTot	 Fe3+/Fetot	 Fe3+	 FeTot	 Fe3+/Fetot	 X	
0	 672.33	 1.14	 1.653	 1.612	 1.025	 0.197	 0.192	 1.025	 0	
5	 		 		 0.775	 1.557	 0.498	 0.093	 0.186	 0.498	 0.823328	
10	 		 		 0.641	 1.586	 0.404	 0.077	 0.189	 0.404	 0.948615	
15	 		 		 0.589	 1.571	 0.375	 0.070	 0.188	 0.375	 0.997882	
20	 		 		 0.541	 1.594	 0.340	 0.065	 0.190	 0.340	 1.042342	
25	 		 		 0.532	 1.556	 0.342	 0.063	 0.186	 0.342	 1.051416	
30	 434.00	 1.28	 0.556	 1.566	 0.355	 0.066	 0.187	 0.355	 1.028851	
	          
          
 Run	3	(2	g/l	(Cu)	&	5.5	g/l	Fe)	 	
 Cu	added	 0.2068	 g	 Cu	/	100ml	 0.003254131	 moles/100ml	 Moles	Cu	per	l	 0.032541	 moles	/	l	
Time	
		 Absorbance	 Actual	Conc	(moles/dm3)	 	
Eh	 pH	 Fe3+	 FeTot	 Fe3+/Fetot	 Fe3+	 FeTot	 Fe3+/Fetot	 X	
0	 676.00	 1.17	 0.798	 0.763	 1.046	 0.095	 0.091	 1.046	 0	
5	 		 		 0.466	 0.798	 0.584	 0.056	 0.095	 0.584	 0.608306	
10	 		 		 0.414	 0.822	 0.502	 0.049	 0.098	 0.502	 0.70429	
15	 		 		 0.341	 0.778	 0.438	 0.041	 0.093	 0.438	 0.837561	
20	 		 		 0.288	 0.776	 0.371	 0.034	 0.093	 0.371	 0.934791	
25	 		 		 0.283	 0.794	 0.357	 0.034	 0.095	 0.357	 0.943957	
30	 445.00	 1.25	 0.277	 0.772	 0.359	 0.033	 0.092	 0.359	 0.955584	
	
 Run	1	(2	g/l	(Sn)	&	11	g/l	Fe)	
	 Sn	 0.2037	 g	 Cu	/	100ml	 0.003205	 moles/100ml	 Moles	Cu	per	l	 0.032048	 		
Time	
		 Absorbance	 Actual	Conc	(moles/dm3)	 		
Eh	 pH	 Fe3+	 FeTot	 Fe3+/Fetot	 Fe3+	 FeTot	 Fe3+/Fetot	 X	
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0	 668.00	 1.24	 1.598	 1.556	 1.027	 0.191	 0.186	 1.027	 0	
5	 		 		 1.399	 1.576	 0.888	 0.167	 0.188	 0.888	 0.34601	
10	 		 		 1.305	 1.617	 0.807	 0.156	 0.193	 0.807	 0.512832	
15	 		 		 1.199	 1.571	 0.763	 0.143	 0.187	 0.763	 0.694787	
20	 		 		 1.118	 1.562	 0.715	 0.133	 0.186	 0.715	 0.836339	
25	 		 		 1.113	 1.546	 0.719	 0.133	 0.185	 0.719	 0.844913	
30	 491.50	 1.26	 1.102	 1.550	 0.711	 0.132	 0.185	 0.711	 0.863573	
	          
          
 Run	2	(4	g/l	(Sn)	&	11	g/l	Fe)	 	
 Sn	 0.4050	 g	 Cu	/	100ml	 0.006372	 moles/100ml	 Moles	Cu	per	l	 0.063724	 	
Time	
		 Absorbance	 Actual	Conc	(moles/dm3)	 	
Eh	 pH	 Fe3+	 FeTot	 Fe3+/Fetot	 Fe3+	 FeTot	 Fe3+/Fetot	 X	
0	 667.00	 1.26	 1.597	 1.581	 1.011	 0.191	 0.189	 1.011	 0	
5	 		 		 1.241	 1.585	 0.783	 0.148	 0.189	 0.783	 0.210651	
10	 		 		 0.982	 1.589	 0.618	 0.117	 0.190	 0.618	 0.409539	
15	 		 		 0.784	 1.580	 0.496	 0.094	 0.189	 0.496	 0.4992	
20	 		 		 0.710	 1.567	 0.453	 0.085	 0.187	 0.453	 0.540555	
25	 		 		 0.728	 1.654	 0.438	 0.087	 0.197	 0.438	 0.51047	
30	 465.50	 1.33	 0.663	 1.582	 0.418	 0.079	 0.189	 0.418	 0.552471	
	          
          
 Run	3	(2	g/l	(Sn)	&	5.5	g/l	Fe)	 	
 Sn	 0.2022	 g	 Cu	/	100ml	 0.003182	 moles/100ml	 Moles	Cu	per	l	 0.031823	 	
Time	 		 Absorbance	 Actual	Conc	(moles/dm3)	 	
Eh	 pH	 Fe3+	 FeTot	 Fe3+/Fetot	 Fe3+	 FeTot	 Fe3+/Fetot	 X	
0	 652.50	 1.22	 0.807	 0.805	 1.004	 0.096	 0.096	 1.004	 0	
5	 		 		 0.711	 0.830	 0.856	 0.085	 0.099	 0.856	 0.168165	
10	 		 		 0.617	 0.810	 0.758	 0.074	 0.097	 0.758	 0.333156	
15	 		 		 0.535	 0.787	 0.679	 0.064	 0.094	 0.679	 0.475712	
20	 		 		 0.510	 0.810	 0.629	 0.061	 0.097	 0.629	 0.519618	
25	 		 		 0.476	 0.799	 0.594	 0.057	 0.095	 0.594	 0.579171	
30	 482.00	 1.27	 0.477	 0.791	 0.601	 0.057	 0.094	 0.601	 0.577066	
	
 Run	1	(2	g/l	(Zn)	&	11	g/l	Fe)	 	
 Zn	 0.2056	 g	 0.003143	 moles/100ml	 Moles	Zn	per	l	 0.031427	 mol/l	 	
Time	 		 Absorbance	 Actual	Conc	(moles/dm3)	 	
Eh	 pH	 Fe3+	 FeTot	 Fe3+/Fetot	 Fe3+	 FeTot	 Fe3+/Fetot	 X	
0	 679.50	 1.20	 1.584	 1.579	 1.003	 0.189	 0.189	 1.003	 0	
5	 		 		 1.183	 1.569	 0.754	 0.141	 0.187	 0.754	 0.763324	
10	 		 		 1.172	 1.567	 0.748	 0.140	 0.187	 0.748	 0.784619	
15	 		 		 1.157	 1.570	 0.737	 0.138	 0.187	 0.737	 0.813276	
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20	 		 		 1.137	 1.577	 0.721	 0.136	 0.188	 0.721	 0.849147	
25	 		 		 1.132	 1.551	 0.730	 0.135	 0.185	 0.730	 0.8596	
30	 487.00	 1.26	 1.124	 1.558	 0.722	 0.134	 0.186	 0.722	 0.874164	
	          
          
 Run	2	(4	g/l	(Zn)	&	11	g/l	Fe)	 	
 Zn	 0.4034	 g	 0.006168	 moles/100ml	 Moles	Zn	per	l	 0.061678	 mol/l	 	
Time	 		 Absorbance	 Actual	Conc	(moles/dm3)	 	
Eh	 pH	 Fe3+	 FeTot	 Fe3+/Fetot	 Fe3+	 FeTot	 Fe3+/Fetot	 X	
0	 680.50	 1.23	 1.599	 1.587	 1.008	 0.191	 0.189	 1.008	 0	
5	 		 		 0.816	 1.587	 0.515	 0.097	 0.189	 0.515	 0.757583	
10	 		 		 0.759	 1.611	 0.471	 0.091	 0.192	 0.471	 0.813423	
15	 		 		 0.724	 1.565	 0.463	 0.086	 0.187	 0.463	 0.846675	
20	 		 		 0.719	 1.558	 0.462	 0.086	 0.186	 0.462	 0.851494	
25	 		 		 0.699	 1.537	 0.455	 0.083	 0.183	 0.455	 0.87087	
30	 456.00	 1.50	 0.701	 1.553	 0.452	 0.084	 0.185	 0.452	 0.869234	
	          
          
 Run	3	(2	g/l	(Zn)	&	5.5	g/l	Fe)	 	
 Zn	 0.2039	 g	 0.003118	 moles/100ml	 Moles	Zn	per	l	 0.031178	 mol/l	 	
Time	 		 Absorbance	 Actual	Conc	(moles/dm3)	 	
Eh	 pH	 Fe3+	 FeTot	 Fe3+/Fetot	 Fe3+	 FeTot	 Fe3+/Fetot	 X	
0	 672.50	 1.23	 0.823	 0.819	 1.004	 0.098	 0.098	 1.004	 0	
5	 		 		 0.422	 0.789	 0.534	 0.050	 0.094	 0.534	 0.768709	
10	 		 		 0.397	 0.802	 0.495	 0.047	 0.096	 0.495	 0.815827	
15	 		 		 0.376	 0.778	 0.484	 0.045	 0.093	 0.484	 0.857112	
20	 		 		 0.381	 0.805	 0.474	 0.045	 0.096	 0.474	 0.846689	
25	 		 		 0.374	 0.793	 0.473	 0.045	 0.095	 0.473	 0.859857	
30	 457.50	 1.36	 0.379	 0.794	 0.478	 0.045	 0.095	 0.478	 0.851362	
	
	 	









contact	 (irritant,	 corrosive),	 of	 ingestion,	 of	 inhalation.	 Liquid	 or	 spray	 mist	 may	 produce	 tissue	
damage	particularly	on	mucous	membranes	of	eyes,	mouth	and	respiratory	tract.	Skin	contact	may	
produce	 burns.	 Inhalation	 of	 the	 spray	 mist	 may	 produce	 severe	 irritation	 of	 respiratory	 tract,	
characterized	by	coughing,	choking,	or	shortness	of	breath.	Severe	over-exposure	can	result	in	death.	






corrosive	 for	 lungs.	 Liquid	 or	 spray	 mist	 may	 produce	 tissue	 damage	 particularly	 on	 mucous	
membranes	of	eyes,	mouth	and	respiratory	tract.	Skin	contact	may	produce	burns.	Inhalation	of	the	
spray	mist	may	produce	severe	irritation	of	respiratory	tract,	characterized	by	coughing,	choking,	or	





















irritation.	 Inflammation	 of	 the	 eye	 is	 characterized	 by	 redness,	 watering,	 and	 itching.	 Skin	
inflammation	is	characterized	by	itching,	scaling,	reddening,	or,	occasionally,	blistering.	
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								plt.tight_layout(h_pad=0.5)	
								fig.savefig('simulation_figures/'	+	self.simulate	+'.png',	
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